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ABSTRACT
OPTICAL MODELING AND ANALYSIS OF DISORDERED PLASMONIC
NANOPARTICLE ENSEMBLES
Chen Li
Zahra Fakhraai
Plasmonic nanoparticle synthesis provids a facile and cost-effective bottom-up solution to
fabrication of nanoscaled structures. With effective packaging methods like embedding
into polymer composites and superlattice assemblies, the chemically synthesized nanoparticles are promising candidates for functional devices. However, compared with precisely
patterned surfaces commonly used for device fabrication, the structural inhomogenity and
disorder in nanoparticle ensembles give rise to challenge in their characterization using conventional methods and in turn, their application. This work aims to develop models as
guideline to design facile characterization methods that can be used to effectively describe
the properties of disordered plasmonic nanoparticle ensembles. Two types of nanoparticle
ensembles will be examined, including nanoparticle polymer composites and nanoparticle
assemblies, representative of disordered nanoparticle packing on two length scales. Multipole expansion of different types and the effective medium approximation will be extensively
used to establish models describing the effective optical properties of these systems as an
ensemble average. Various analytical and numerical electrodynamic calculations will be performed to analyze the dependence of the effective optical response on structural parameters
of the ensembles. The models can be used as a future guideline to design both synthetic
procedures and characterization methods for chemically syntheized nanoparticle ensembles
according to specific desired applications.
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CHAPTER 1 : Introduction
Localized surface plasmon resonance (LSPR) is a phenomonon unique to nanoscale noble
metal structures at optical frequency. Under light excitation, the intensity of both electromagnetic near field and scattering in the far field are significantly amplified (relevant mechanisms will be discussed in greater details in the next chapter). Plasmonic nanoparticles are
particles of noble metal materials, mostly gold, silver, or aluminium, and typically with sizes
smaller than 100 nm. Like other types of structures on the same scale, the sub-wavelength
size of these particles gives rise to interesting optical properties not normally found in bulk
materials. When applying such properties to produce functional devices, a typical process
for nanoscale fabrication usually falls into one of the two categories by convention, top-down
fabrication or bottom-up synthesis. In a top-down process, devices are fabricated with precise control over the exact size and shape of the structures according to prior functionality
based designs. A top-down approach typically includes nanoscale lithography and vapor
deposition. Such highly controllable and reliable processes currently dominate the manufacturing and most prototype device building, but have become increasingly costly to meet
the demand in rapidly shrinking feature size for functional device components, while maintaining a comparable level of accuracy. In principle, such devices may also be fabricated
via bottom-up approaches. In such processes, nanoparticle building blocks are synthesized
from a wet chemical reaction and assembled into the desired structure. Bottom-up fabrications are typically more cost-effective. However, the structural disorders in nanoparticle
arrangements can affect both the performance of the resulting devices and effectiveness of
their characterization, which have largely prevented the wide application. On the other
hand, the rapidly increasing computing resources have enabled rigorous physical modeling
on larger ensembles of nanoparticles. This has opened up the rarely examined possibilities
of evaluating the applicability of disordered nanoparticle ensembles based on specifically
designed characterizations of effective properties averaged on a representative scale.
In this chapter, both conventional and emerging applications of chemically synthesized
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plasmonic nanoparticle systems will be outlined to demonstrate the imperative demand
in effective models and facile analysis methods to characterize their structures and properties. Common challenges in both device fabrication and characterization for plasmonic
nanoparticles will also be introduced as motivation of this work.

1.1. Applications and Structural Features of Noble Metal Nanoparticle Ensembles
1.1.1. Molecular Sensing and Spectroscopy
Conventionally, nanoparticle sensing systems were long dominated by DC or low frequency
electric materials, such as semiconductors[9, 23, 42, 215, 225], carbon nanotubes[107, 40],
and conductive polymers[138]. The sensing mechanism in these systems usually involves
change in surface resistivity upon adsorption of reductive molecules like hydrogen.[35, 235]
For such systems, the sensitivity often has a strong dependence on the surface area and
morphology of the closely pack nanoparticles. Plasmonic nanopaticle sensors, on the other
hand, greatly improved the sensitivity and response time by employing a different approach.
The LSPR induced refractive index sensing has become increasinly popular during the past
decade due to better access to nanosized structures. [2, 9, 15, 16, 19, 101, 126, 198, 233,
108, 81] In these systems, the sensing mechanism is established upon the resonance induced
maximum optical extinction and its strong sensitivity to the local dielectric environment.
The spectral behavior of the LSPR enhanced optical extinction from a 20 nm spheres of
various metallic materials is shown in Figure 1.1. Silver is observed to produce the sharpest
extinction profile near its resonance, but is also sensitive to oxidation in atmosphere. Like
in most other plasmonic materials applications, gold has a decent plasmonic behavior in
the optical region and is more resistance to oxidization in atmospheric working environment
compared with silver, but has poor absorption to some molecules, including hydrogen. As
shown in Figure 1.2, a typical design of most existing hydrogen sensing systems consists
of two types of nanoparticles: sensing particles (like palladium, platinum or silver) that
adsorbs the reductive molecules and changes surface permittivity as a result, and antenna
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Figure 1.1: Resonant extinction spectra from various 20 nm metallic spheres in the spectral
range between near-UV and near-IR, calculated by finite-different time-domain simulations
(more details in Section 2.3).
particles (gold) that amplify the optical response through strong plasmon enhanced electromagnetic near field.[126] The interplay between the two processes exhibits a red shift
in the sharp and strong spectral peaks induced by resonant extinction, indicating the existence of even trace amount of target molecules. This setup is suitable for molecular sensing
at trace amount, even for study in single molecule adsorption uptake trajectory[204], but
the involvement of two different types of noble metal nanoparticles with specific shapes,
orientations and interparticle distance limits process to either single particle manipulation
or a combined process of lithography and vacuum deposition. Reed et al demonstrated a
much simpler fabrication process by using silver particles as both adsorber and antenna,
while passivated by monolayer graphene impenetrable to oxygen for consistent performance
over time.[172] Yu et al showed that functionalizing the surface of colloidal gold nanoparticles facilitates surface binding of the target biomolecules.[233] Incorporating two materials
into core-shell structures is also an effective design, potentially compatible with facile col-
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Figure 1.2: a, Hydrogen sensing with a single palladium nanoparticle. Hydrogen molecules
and adsorbed hydrogen atoms are shown in red. The palladium nanoparticle scatters weakly,
showing an extremely damped and broad spectrum. The palladium particle alone causes
a barely detectable change on hydrogen exposure. b, Hydrogen sensing using a resonant
antenna-enhanced scheme. The same palladium nanoparticle is placed at the nanofocus of
a gold antenna, which scatters much more strongly. Hydrogen absorption on the palladium
particle changes its complex dielectric function, which causes a resonance shift (∆λ) of the
gold antenna that can be optically detected. Reprinted by permission from Macmillan Publishers Ltd: Nature Materials. Na Liu, Ming L. Tang, Mario Hentschel, Harald Giessen, A.
Paul Alivisatos. Nanoantenna-enhanced gas sensing in a single tailored nanofocus. Nature
Materials, 2011, 10, 631-636. Copyright 2011
loidal processes.[204]. Modifications in common sensing mechanisms by utilizing plasmon
induced charge transfer have also been reported to expand the options for both materials
and processes.[41].
In addition to sensing based on the LSPR enhanced far-field extinction, near-field enhanced
molecular spectroscopic measurements in the vicinity of illuminated plasmonic structures
have also proved to be effective methods for molecular detection.[3, 65, 149, 199, 8, 29,
59, 205, 123, 100, 137] Despite the higher technical complexity than the refractive index
sensing mechanism discussed above, the sensing selectivity of this approach is greatly improved from the characteristic spectroscopic signal of target molecules, as shown in Fig-
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ure 1.3. Since the first demonstration of surface enhanced Raman spectroscopy (SERS)

Figure 1.3: SERS spectrum of 0.2 µM R6G on gold nanoparticle aggregates and Raman
spectrum of 10 mM R6G alone (magnified 10×) taken at the same excitation power and collection time. The EPB has been tuned to be on resonance with 785 nm excitation. Reprinted
with permission from Adam M. Schwartzberg, Christian D. Grant, Abraham Wolcott, Chad
E. Talley, Thomas R. Huser, Roberto Bogomolni, and Jin Z. Zhang. Unique Gold Nanoparticle Aggregates as a Highly Active Surface-Enhanced Raman Scattering Substrate. J. Phys.
Chem. B, 2004, 108 (50), pp 19191-19197. Copyright 2004 American Chemical Society
using silver electrode as the substrate 40 years ago[8], molecular spectroscopy enhancement, especially SERS, has become one of the most popular applications for all types of
nanoparticles and structures. The early days of such measurements often involves the use
of sputtered metallic surfaces with roughness or planar electrodes under electrochemical
surface processing.[142] However, nanoparticles have now experienced increasing consideration. Closely packed nanoparticles under optical excitation can host plasmonic hotspots, the
intensified electromagnetic near-field within the nanofocus at small metallic interfaces and
around tips.[29, 200, 95]. Aggregation is common in colloidal nanoparticles. While the ability to create strong plasmonic hotspots within aggregates seems beneficial to molecular sensing at first glance, Jackson and Halas demonstrated that spectroscopy enhancement outside
colloidal measurement could be less than desirable as the tightly covered hotspots become
5

inaccessible to analyte molecules.[92] Therefore, for practical non-single-molecule sensing
applications, assemblies and composites with controllable nanoparticle building block separations have received more attention.[197, 29, 200, 168, 238, 239, 234, 45, 1] Besides shape
and morphology, the resonance frequency of the nanoparticle is often as important, as
required either by coupling to specific state transition of target molecules (for example, fluorescence, vibrational and infrared spectroscopy) or by available excitation source (Raman
spectroscopy). For better spectral coverage, effort has also been invested in nanoparticles
with size/shape tunable through synthetic parameters and those with a broad resonance
spectral range.[197, 163, 92, 34, 176, 168] Higher order resonance modes (like quadrupole
resonance) that are not necessarily observable in far-field optical measurement of disordered nanoclusters have also been demonstrated to be effective in near-field spectrocopic
enhancement.[79, 113]
1.1.2. Optical Metamaterials
Optical metamaterials are nanostructures with optical properties not usually found in nature, often as a result of specially designed compositional and geometric configuration of
the building blocks. The concept has become widely applied since the beginning of the
century, with practical designs of negative index media (NIM) at optical frequencies both
proposed in theory and experimentally realized thanks to the development of advanced
nanofabrication.[193, 186, 49]Since then, a rapidly increasing number of metamaterial designs have been reported and applied to various optical properties and devices, including
sub-diffraction-limited hyper lenses[164, 56, 124, 130], optical layers with tunable or perfect
reflection/transmission/absorption[223, 217, 134, 30, 147, 137, 50, 63, 111, 166], passively
radiative cooling[170], conductors with tunable electric properties[52], artificial magnetism
at optical frequencies[193, 210, 6, 51, 54, 73, 127, 128, 144, 167, 183, 184], and visible light
invisibility cloaks[24, 31, 148, 181].
For a typical metamaterial design, specific abnormal optical properties often require precise
structural or arrangement patterns, indicating a low tolerance in disorder. While most
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existing metamaterials are 2D structures fabricated with precise patterning via top-down
lithographic methods and vacuum vapor deposition, chemically synthesized nanoparticles
have also made ways into the family in recent years, typically using the following ways to
overcome or bypass the challenges from structural disorder:
First, some of the nanoparticle metamaterial systems target ensemble averaged optical
response realizable even with certain degree of structural disorder. This type of design is
most commonly seen in broadband optical layers, with a high absorption or transmission
resulting from controlled packing density and turnable materials composition, sometimes
assisted by a multilayered design.[134, 223, 224] In addition, newer patterning methods
such as directed self-assembly[217], nanoimprinting[84, 106, 116] and inkjet printing[62, 162]
can be directly compatible with nanoparticle colloids without the requirement for vacuum.
These methods have greatly openned up the possibility of combining the facile chemical
synthetic process for tunable nanoparticles as building blocks and the produced precise
patterns comparable to those from conventional top-down approaches. Finally, much effort
has also been put into synthesis of nanoparticle assemblies with desired abnormal optical
properties at single particle level.[54, 52, 224, 184, 208, 167, 120, 73, 75] Sometimes termed
metamolecules[167] or metafluids[184], designing at the scale of building blocks usually
requires substantial understanding in related chemical processes and mechanism, but on
the other hand provides great flexibility in applications since it can be integrated into
either of the above approaches.
1.1.3. Electronic and Optoelectronic Devices
Although the conventional manufacturing process of electronic and optoelectronic devices
has been undergoing perfection for half a century, challenge to lower cost still exists in
development of specifically tailored fabrication equipment and process design due to factors including requirement of high vacuum and lithographic diffraction limit. Incorporating
plasmonic (mostly as conductive layers) and other nanoparticles into many devices using
only colloid based processes, similar to the ones discussed in the previous section, has
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Figure 1.4: Left: schematic plot showing protein directed assembly of an isotropic metafluid
and a photograph of the starting aqueous solutions of silver/polystyrene nanoparticles and
the assembled metafluid. Right: experimental directional scattering collected at 5◦ angular
increments, showing the strong scattering of the magnetic dipole mode in the assembled
metafluid. Reprinted with permission from Sassan N. Sheikholeslami, Hadiseh Alaeian,
Ai Leen Koh, and Jennifer A. Dionne. A Metafluid Exhibiting Strong Optical Magnetism.
Nano Lett., 2013, 13 (9), pp 4137-4141. Copyright 2013 American Chemical Society
proved effective in lower such technical challenge and cost.[62, 128, 85, 157] However, for
more sophisticated on-chip devices and integrated circuit elements, a significant challenge
not mentioned above is that integration of multiple material compositions, such as insulators, semiconductors and conductors, is often required. On top of fabricating uniform,
homogeneous particle layers and precise patterning, nanoparticle assembly process compatible with layer-by-layer design has been another technical challenge. Recently, Choi et al
demonstrated the fabrication of the first all-nanocrystal field effect transistor on a flexible
polymer substrate using silver nanoparticle arrays as the gate terminal, as shown in Figure
1.5.[39] The vacuum-free layer-by-layer fabrication involving the silver nanoparticle gate
electrode was performed using spin coating nanoparticle colloids, followed by surface modification with poly-dimethyldiallyl ammonium chloride (PDDA) and poly-styrenesulfonate
(PSS) for enhanced adsorption to the subsequent aluminium oxide insulating layer.
1.1.4. Mechanical Nanocomposites
Since the majority of plasmonic nanoparticles are from ductile noble metals, they are rarely
considered for nanoparticle composite for structural applications. However, certain level
8

Figure 1.5: (A) Schematic of a field effect transistor assembled from metallic, semiconducting, and insulating nanocrystals. Photographs and TEM images of colloidal dispersions
of (B) CdSe nanocrystals forming the semiconducting channel, (C) In and Ag nanocrystal
mixtures forming the source and drain electrodes, (D) Ag nanocrystals forming the gate
electrode, and (E) Al2 O3 nanocrystals forming the gate insulator layer. From Ji-Hyuk Choi,
Han Wang, Soong Ju Oh, Taejong Paik, Pil Sung, Jinwoo Sung, Xingchen Ye, Tianshuo
Zhao, Benjamin T. Diroll, Christopher B. Murray, Cherie R. Kagan. Exploiting the colloidal nanocrystal library to construct electronic devices. Science. 2016, 352(6282), pp
205-208. Reprinted with permission from AAAS.
of mechanic reliability needs consideration since performance of functional nanoparticle
composite could show unpredictable deterioration under mechanical failure. Therefore,
the size, shape, orientation and dispersion of the nanoparticle building blocks, as well as
fabrication and processing parameters frequently requires careful tuning in order to balance
between the desired physical properties and a reasonable mechanical reliability.[136, 237] In
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other cases, deformation of nanoparticle under stress may even become useful for molecular
sensing and imaging purposes.[145]

1.2. Common Methods and Challenges in Optical Characterization for Functional
Plasmonic Nanoparticle Systems
Like most other nanoscaled structures, the most common characterization for structures
of nanoparticle ensembles is electron microscopy. However, for ensembles of near identical
nanoparticles, far-field optical methods are also frequently employed to lower the technical
challenge and cost in metrology on a larger scale. Colloid measurement such as UV-visible
spectroscopy is the most frequently used method to determine basic information for synthesized plasmonic nanoparticles. Based on the strong dependence of plasmon in far-field
extinction on local structure and morphology, this method provides a simple yet effective
probe in structural information including sizes for isotropic particles and aspect ratios for
anisotropic ones. For particles coated on a layer with a good uniformity and surface coverage, reflection or transmission spectroscopy can be used to characterize the packing densities
of isotropic nanoparticles, based on the spectral changes caused by optical coupling between
the nanoparticle scatterers.[27] The method could be further improved using spectroscopic
ellipsometry. Taking into consideration changes in both the amplitude and the phase from
reflected light under incident conditions with variable polarization states, the method can be
combined with fitting under specifically design optical models to extract structural information from a broader range of nanoparticle types such as anisotropic nanoparticle ensembles
exhibiting optical birefringence.[71] Plasmon enhanced molecular spectroscopy is another
optical method to evaluate the near-field enhancement from plasmonic nanoparticle ensembles when the application is directly related.
For all above methods, optical modeling and theory analysis is required to interpret the
optical response. Since nanoparticle ensembles from bottom-up synthesis usually bare certain levels of structural disorder, rigorous simulation is often required on a representative
portion of the system, with extension to the entire sample extrapolated by applying certain
10

approximations. An effective characterization requires a generally homogeneous distribution of nanoparticles of a uniform size and shape within an ensemble, either as colloid or
dispersed in a layer.
In summary, the development of modern nanotechnology during the past decade has enabled the fabrication of a rapidly increasing variety of plasmonic nanoparticles and their
ensembles. These systems feature unusual mechanical or physical properties not found in
bulk materials as a result of unique combinations of shapes, sizes and local structures. Compared with frequently used top-down fabrications, bottom-up wet chemical processes that
produce nanoparticle systems can be far more facile, cost effective and suitable for mass production of functional devices, but the usually associated local inhomogeneity and structural
disorder makes the characterization of these systems as a whole particularly challenging.
Recent breakthroughs have demonstrated the feasibility of using noble metal nanoparticles
for applications requring properties beyond morphological roughness from random aggregation, such as waveguides, solar cell panels, metamaterials and even transistors. It is thus
imperative to accordingly design new metrology and characterization methods. This work
aims at establishing theoretical models for the optical properties of disordered plasmonic
nanoparticle ensembles as a guideline to design new characterization and analysis methods.
Advanced nano-optics theory will be applied and tailored to effectively describe the optical
properties of nanoparticle ensembles with a certain level of structural disorder. In Chapter
2, the detailed theoretical foundation for this work will be laid out. In chapters 3 and 4, optical analysis of structural parameters in anisotropic plasmonic nanoparticle composites will
be discussed, representative of an ensemble of nanoparticles randomly dispersed on a large
length scale in a polymer composite. The theoretical model will be established in Chapter
3, to predict the effective optical birefringence induced by the preferrential nanoparticle
orientation. Characterization method design and application in an in situ dynamic study
will be discussed in Chapter 4. In Chapters 5-8, optical modeling of raspberry-like metamolecules will be discussed, representative of nanoparticles randomly packed on a single
structure level. The artificial magnetic resonant properties will be demonstrated in Chap11

ter 5, and its dependence on structural parameters are studied in Chapter 6. Application
of this type of nanoparticle assemblies for plasmon enhanced molecular spectroscopy will
be introduced in Chapter 7. Possibilities and challenges of producing negative index materials using RMM nanoclusters will be briefly discussed in Chapter 8. In all publications
I performed the theoretical modeling and calculations. In Chapter 3 and 4 I also partially
contributed to the effective optical anisotropy measurement.
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CHAPTER 2 : Theory of Optical Analysis for Plasmonic Nanoparticles
The optical response, and thus, modeling and analysis methods of materials involved in this
work are either based on or can be effectively described by classical optical theory, where
light is treated as electromagnetic waves at optical frequencies. Nanoparticles have a typical
size ranging from a few nanometers up to several hundred nanometers. While this is still
above the classical limit of electromagnetic theory, the length scale comparable to, or much
smaller than the wavelength of light indicates strong dependence of the optical response on
the size and shape of the object, besides the material properties themselves. The first two
sections of this chapter will outline the basic optical properties either at the scale of bulk
materials or specific to nanoparticles, respectively. The rest of this chapter will use these
concepts to introduce the theory and methods applied within this work.

2.1. Classical Description of Materials Optical Properties
The index of refraction is a fundamental optical property for bulk materials. As defined by
Equation 2.1, the parameter describes the velocity change of light in a medium (v) with
respect to that in free space (c), which acts as the basis for most optical response from bulk
materials, including refraction as a result of phase conservation at the medium boundary.

n=

c
=
v

r

µ
√
= r µr
0 µ0

(2.1)

In general, there are two contributions to the index of refraction, the relative electric permittivity (r ) and the relative magnetic permeability (µr ), also frequently referred to as
the optical constants. Like the index of refraction itself, they are dimensionless quantities
defined as the ratio of the absolute permmitivity() or permeability(µ) with respect to the
value of free space (0 = 8.85 × 10−12 F/m and µ0 = 4π × 10−7 H/m). These two parameters
physically describe the response of materials under the electric field (E) and the magnetic
field (B) associated with the incident light, through polarization (P) and magnetization
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(M), as shown in Equation 2.2 and 2.3, respectively.

P = ( − 0 )E = 0 (r − 1)E
M=(

1
1
1
1
− )B =
(1 − )B
µ0 µ
µ0
µr

(2.2)
(2.3)

Using the behaviors of the two optical constants, materials can be categorized into different
optical media based on the following properties:
Linearity

An optical medium is called linear if the induced polarization is proportional

to the excitation electric field, as generally shown in Equation 2.2. Although there exists
many studies and applications in non-linear optics involving plasmonic nanoparticles, the
topic is beyond the scope of this work and thus will not be discussed in details.
Dispersion

A dispersive medium is one with optical constants as a function of wavelength

(or equivalently, frequency). While in general all materials are dispersive, many dielectric
materials have optical constants with a very weak frequency dependence within the optical
spectrum and can thus be treated as non-dispersive media. Plasmonic materials, on the
other hand, are always dispersive, since their optical constants by definition have dramatic
changes with wavelengths around resonance.
Loss Within the context of classical solid state physics, solids can be categorized into
conductors and dielectrics based on delocalization of electrons inside the solid. Under
the electric field component of light excitation, conductors with near-free electrons produce
conduction current , and are thus termed lossy media. In comparsion, dielectrics are lossless
since they have electrons tightly associated with neuclei, and can only generate a relatively
small displacement of the elctron cloud, termed displacement current, under excitation field.
Quantitatively, the refractive index of a lossy medium is a complex value. For a lossless
medium, however, the refractive index can be treated as a real value, since the imaginary
part is negligible. As can be seen in the form of Equation 2.4 for a lossy and dispersive
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medium, to avoid confusion, the rest of the work will use n for the complex refractive
index, while N and K for the real and imaginary part, respectively. In theory, lossy media
can be electric conductors or magnetic conductors (although there is no natural magnetic
conductors at optical frequencies) with optical constants described by Equation 2.5 and 2.6,
respectively.
n(λ) = N (λ) + iK(λ)

(2.4)

(λ) = 0 (λ) + i00 (λ)

(2.5)

µ(λ) = µ0 (λ) + iµ00 (λ)

(2.6)

As will be seen from the subsequent section, the phenomenon of plasmon resonance partly
originates from the conductive nature of the noble metal materials at optical frequencies,
and thus must be lossy. However, these materials can also behave like lossless media outside
the optical spectrum.
The source-response causality requires that the materials response at any point in time is
only determined by the source prior to that point. Such causality can be satisfied if the real
and imaginary parts of the optical constants follow the Krammers-Kronig relations, where
the two components can be written as the derivative of each other, as shown below, where
P is the principal value.[93]
Z ∞ 0 00 0
ω  (ω ) 0
2
dω
 (ω) = 1 + P
π
ω 02 − ω 2
0
Z ∞ 0 0
2ω
 (ω ) − 1 0
00
 (ω) = − P
dω
π
ω 02 − ω 2
0
0

Isotropy

(2.7)
(2.8)

For an isotropic medium, the optical constants are scalars, so the magnitude of

the response is independent of the electric field directions, as shown in Equation 2.2. For an
anisotropic medium, however, the optical constants can be tensors, with components from
different directions generating different response, as shown in Equation 2.8 for a typical biaxial anisotropic material. It is worth noting, however, that a nanoparticle with anisotropic
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shapes can exhibit anisotropic optical response even if the bulk material properties are
isotropic, as will be discussed in more details in Section 2.7 and the next chapter.
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0
0
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(2.9)

In general, materials properties discussed in this work will be, at optical frequencies, linear,
dispersive, lossy and potentially also anisotropic. Figure 2.1 shows an example of a typical
conductor (dispersive and lossy) and a typical dielectric using the dispersion profile of optical
constants in gold and polystyrene (non-dispersive and lossless), respectively.

Figure 2.1: Dispersion profile of refractive index and relative permittivity for gold (a and
c) and polystyrene (b and d) in the visible-infrared spectrum, respectively.
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2.2. Localized Surface Plasmon Resonance
2.2.1. The Drude Model of Metals
The Drude model assumes that inside the structure of metals, heavy and positively charged
neucleis are immobile with core electrons localized around them, while negatively charged
valence electrons with a much smaller mass are free and delocalized across the structure.[18]
Under this model, the response from the electrons to the incident electric field can be
described by forced oscillation, with the permittivity dispersion function expressed as a
Lorentz oscillator[155, 94]:
ωp2
(ω) = ∞ − 2
ω + iΓω
where

s
ωp =

N e2
0 me

(2.10)

(2.11)

is defined as the bulk plasma frequency of the metal. N , e, me are the number, charge
and mass of the electrons, respectively. Γ is usually termed the damping coefficient and
originates from electron collisions. ∞ is the high frequency inter-band transition contribution from the bound electrons. Figure 2.2 demonstrates the Drude model of permittivity
functions using gold as an example.
2.2.2. Resonant Conditions for Plasmonic Nanoparticles
Unlike bulk materials, the shape and the finite size of nanoparticles with respect to the
wavelength of light also have a strong effect on their LSPR properties. A simple way to
show this is to apply the quasistatic limit, where the studied nanoparticles are much smaller
than the wavelength of light. The scattering under light excitation can then be treated as
radiation from an oscillating and polarizable point dipole, with the polarizability described
by[94]:
α=

 − b
p
= (1 + κ)0 V
E
 + κb
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(2.12)

Figure 2.2: (a) The real part of the total permittivity function calculated for gold in comparison with experimental measurement. (b) The imaginary part of the total permittivity
function calculated for gold in comparison with experimental measurement. Calculation
parameters were obtained from [155]. Experimental data were obtained from [98].
where b is the ambient permittivity, V is the particle volume and κ is a dimensionless shape
factor. At resonance condition, the induced dipole reaches maximum, where  = −κb , as
can be seen from Equation 2.10. Spherical particles, for example, have a shape factor of 2,
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and thus a sphere with radius r and permittivity  has a polarizability of:

α = 4π0 r2

 − b
 + 2b

(2.13)

and the resonant condition is simply given by  = −2b . The divergence in Equation 2.10
and 2.11 indicates that the quasistatic approximation fails at resonance, and can only be
accurately described using dynamic theories as demonstrated in subsequent sections.

2.3. Maxwell’s Equations and the Finite-difference Time-domain Method
2.3.1. Source-free Maxwell’s Equations
Since all materials and structures studied in this work are passive, their optical response
can be quantitatively described by the source-free Maxwell’s Equations, as in Equations
2.12-2.15 in time domain and frequency domain, respectively, assuming harmonic field with
the e−iωt time convention.

∇·D=0

(2.14)

∇·B=0

(2.15)

∂B
= iωB
∂t
∂D
= −iωD
∇×H=
∂t

∇×E=−

where D = E and H =

1
µB

(2.16)
(2.17)

are the axillary vectors for the electric and magnetic field,

respectively. Equation 2.14 and 2.15 indicate that the electric and the magnetic fields are
coupled to each other, in a way that the time evolution of one is dependent on the spatial
evolution of the other. This unique behavior can be used to calculate one with the knowledge
of the other. The boundary conditions for these differential equations at media interfaces
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are:

n̂ · (D1 − D2 ) = 0

(2.18)

n̂ · (B1 − B2 ) = 0

(2.19)

n̂ × (E1 − E2 ) = 0

(2.20)

n̂ × (H1 − H2 ) = 0

(2.21)

where n̂ stands for the boundary surface normal and the subscripts indicate the vector fields
in two different media. With Equations 2.14 to 2.21, one can, in principle, calculate the
electromagnetic response from an arbitrary object under the excitation of a known source.
The power flux density from the electromagnetic wave can be described the Poyting Vector,
with the direction along the wave vector k and a dimension of power per unit area.

S=E×H

(2.22)

Another commonly used quantity to describe the optical power is the intensity, defined as
the time-averaged amplitude of the Poyting Vector, and often calculated as below using the
identity H = E/(µc).
1
I =< S >= c0 E 2
2

(2.23)

2.3.2. The Finite-difference Time-domain (FDTD) Method
The finite-difference time-domain (FDTD) method is a powerful full-wave simulation technique to calculate the electromagnetic response from almost arbitrary objects by numerically evaluating the Maxwell’s Equations. First introduced in 1966 by Yee[227], the appoach
treats the differential equations with the finite difference method by discretizing both time
and space into a grid of what is now termed Yee cells[89], as shown in Figure 2.3. The
Maxwell’s Equations are then numerically solved for the electric and magnetic vector field
components through a leap-frog manner, where the electric field vector and the magnetic
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field vector at the same position are alternatively solved for across time steps.

Figure 2.3: Schematic plot of Yee cells in an FDTD calculation. (a) A calculated spherical
object in discretized space. (b) Calculated vector fields at a specific position represented by
a Yee cell. Reprinted with permission from Lumerical, Inc. FDTD Solutions User Manual.
Copyright 2012 Lumerical Solutions, Inc
As is often referred to as a “brute-force” method[5], FDTD directly solves the time domain
Maxwell’s Equations at each position within the calculation region. This indicates a potentially high requirement in computing resources due to loss of efficiency to processes such as
performing discretization at all positions, even within vacuum outside the studied objects.
However, with the rapid development of performance in available computers during the past
few decades, FDTD has become increasingly popular[88] due to the following advantages.
Flexibility

While the ”brute-force” mechanism lowers the calculation efficiency, it also

results in great flexibility. By directly dealing with the Maxwell’s Equations and treating
all simulated structures as a spatial distribution of refractive indices, the method can be
intuitively applied to complicated structures and ensembles without adding the complexity
of solving for position dependent functions such as the dyadic Green’s function. The applicability of the method is not limited by the geometry of the studied structures either,
a major difference from the equally popular and more efficient analytical approaches, including Mie theory for spherical scatters[28], eigenmode expansion for waveguides and the
rigorous coupled-wave analysis (RCWA) for periodic structures[141].
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Accuracy

Since no additional approximation is made beyond finite difference during the

calculation, the accuracy of FDTD calculation can be as high as allowed by classical electrodynamics, if the constructed mesh grid is sufficiently fine.
Efficiency

FDTD calculations are performed in the time domain. Under excitation from

a broadband pulse, a single execution of the simulation can provide response over a full spectrum through Fourier Transform. This is an especially important feature for spectroscopy
studies and for investigating optical properties of objects without knowing the resonance
frequency.
2.3.3. Solver Information
All FDTD calculations in this work were performed using Lumerical FDTD Solutions, a
commercial-grade simulator developed by Lumerical Solutions, Inc. Some of the generic
information on simulation setup not discussed above are listed below.
Source By default, all simulated nanoparticles and their assemblies in this work were
excited by a broadband total-field scatter-field (TFSF) pulse. A TFSF source is a plane
wave source by nature, but comes with a closed region enclosing the simulated objects. The
total field (including the incident field and the scattered/internal field) is recorded within
the region, while only the scatter field is recorded beyond the boundary. As shown in Figure
2.4, the source can be used to separate scattering from objects with a finite dimension (nonperiodic). Other information about the default source configuration is shown in Figure 2.5

Boundary Condition In a typical simulation, the perfectly matched layer (PML) boundary condition was applied to all directions. A PML is an absorbing boundary condition
constructed with impedance matching to absorb waves at the boundary with minimum
reflection.[26] This boundary condition is used to properly simulate the far-field optical response without setting the position of the boundaries at infinite. Configuration of the PML
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Figure 2.4: Example of a TFSF source in scattering simulaiton from a sphere. (a) Simulation
setup, with the grey box indicating the boundaries for the source region. (b) Calculated scattered electric field intensity distribution inside and outside the source region. Reprinted with
permission from https://kb.lumerical.com/en/ref sim obj tfsf sources examples . Copyright
2017 Lumerical Solutions, Inc

Figure 2.5: Details on the default settings of the TFSF broadband pulse source used in this
work.
parameters beyond the default setting was not found to be necessary.
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Mesh Setting For a better computation resource efficiency, the solver algorithm by default employs a graded mesh cell configuration, where the size of the Yee cells increases as
the position moves away from the modeled object, thus decreasing the memory requirement
and the simulation time. However, since part of this work involves structures with metallic interfaces at a 1-2 nm separation, a finer mesh override setting is required in a region
enclosing the object for a reasonable accuracy. Figure 2.6 shows the mesh setting both
inside and outside the override region. At materials boundaries where the precise refractive

Figure 2.6: An example illustration of the Yee cell size distribution for the use of a combined
uniform mesh override setting close to the particle and non-uniform conformal mesh setting
away from the particle.
index distribution can be ill-defined, a conformal mesh technology is by default applied in
calculation of the electromagnetic field for better accuracy and reduced calculation time.[89]

2.4. Multipole Expansion and Optical Scattering at Nanoscale
As briefly discussed above, the scattering from small plasmonic particles can be treated as
electromagnetic radiation from an point dipole oscillating at optical frequencies. However,
as seen from Equation 2.10, the quasistatic calculation of the dipole polarizability fails at
frequencies in the vicinity of resonance, and does not apply to complex shaped particles
without a well defined shape factor. In this section, dynamic theories will be used to
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calculate such effective dipole moments and polarizabilities. Different methods will be
evaluated based on both accuracy and compatibility with full-wave FDTD simulations.
2.4.1. Multipole Expansion in Cartesian Coordinates
Multipole expansion is an important approximation technique for evaluating the far-field
electromagnetic field or response from a continuous region of sources. The technique was
originally introduced by the Taylor expansion of the electrostatic potential, a typical procedure described in details in many textbooks like reference [76]. In this section, a similar
approach will be followed in expansion of the dynamic potentials, for a multipole description
in the scattering from nanoparticles. More detailed analysis can be found in reference [161].
Many important differences in the behavior of dynamic electromagnetic fields from static
ones can be described by the properties of electromagnetic potentials. In electrodynamics,
a vector potential (A) and a scalar potential (φ) can be constructed according to Equation
2.24 and 2.25, using the vector field properties shown in Equation 2.13 and 2.14 [161].

B=∇×A

(2.24)

E = −∇φ + iωA

(2.25)

The two auxilary functions can be used to relate the electromagnetic response from source
distributions such as the electric charge density (ρ) and the electric current density (J)
within a continuous region, as will be discussed in Section 2.5.
Z
0
ρ(r0 )eik|r−r | 0
1
dV
φ(r) =
4π
|r − r0 |
Z
0
µ
J(r0 )eik|r−r | 0
A(r) =
dV
4π
|r − r0 |
where k =

nω
c

(2.26)
(2.27)

= ω 2 µ is the amplitude of the wavevector, r0 represents the position and

volume in the source region, and r represents the position at the observing point. The
Taylor expansion of the position dependent scalars Green’s function (discussed in more
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details in a later section) is shown in Equation 2.28.
0

∞

ikr
eik|r−r | X 1
0
ne
=
(−r
·
∇)
|r − r0 |
n!
r

(2.28)

n=0

Assuming r0  r in the far-field, only the first few terms in the expanded potentials are
considered, as shown in Equation 2.29 and 2.30.
Z
1
µ
eikr
J(r0 )[1 − r0 · ∇ + (r0 · ∇)2 − · · · ]
A(r) =
dV 0
4π
2
r
Z
1
1
eikr
ρ(r0 )[1 − r0 · ∇ + (r0 · ∇)2 − · · · ]
φ(r) =
dV 0
4π
2
r

(2.29)
(2.30)

The multipole moments can be defined by rewriting the two equations as follows:
i
1
A(r) = −iωµ(pG − Q · ∇G − m × ∇G + · · · )
2
ω
1
1
φ(r) = − (p · ∇G − Q : ∇∇G + · · · )

2

(2.31)
(2.32)

where G = eikr /4πr is the free-space scalar Green’s function at r  r0 , and
Z
Z
i
0
0
p=
J(r )dV = ρ(r0 )r0 dV 0
ω
Z
Z
i
0
0
0 0
0
[r J(r ) + J(r )r ]dV = ρ(r0 )r0 r0 dV 0
Q=
ω
Z
1
m=
r0 × J(r0 )dV 0
2

(2.33)
(2.34)
(2.35)

are the electric dipole moment, electric quadrupole moment, and magnetic dipole moment
calculated with current density distribution and with charge density distribution, respectively. Since scattering is typically a source free process and all materials involved in this
work are passive, the relative polarization current density function can be used as the radiation source for the effective multipoles, as defined in Equation 2.36, where Pb and nb are
the polarization vector induced in the background medium by the local field and the refractive index of the background medium, respectively. Compared with a similar approach
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demonstrated in [183] where displacement currents were used, using polarization currents
removes scattering from the medium other than vacuum or air and thus is better for study
in the nanoparticles themselves.
J(r0 ) =

∂(P − Pb )
= −iω(P − Pb ) = −iω0 (n2 − n2b )E
∂t

(2.36)

Equation 2.36 is directly compatible with full-wave FDTD simulation, with both the refractive index and the calculated electric field recorded by the solver at each position and
frequency. With the calculated effective multipole moments, the scattered field and in turn,
power from each of the multipoles into the far-field can be calculated by taking the limit
r → ∞, as is shown in Equation 2.37 through 2.39 for response from the electric dipole,
electric quadrupole, and magnetic dipole moments, respectively. Far-field optical response
from nanoparticles is typically described with optical cross sections, which is defined as
the time-averaged optical power normalized by the incident intensity, according to Equation 2.40. In this work, an LSPR is termed a specific multipole resonance, if there is a
significant contribution from the corresponding induced multipole that exhibits maximum
strength at the frequency.
ω4µ 2
|p|
6πc
ω 6 µ2
||Q||2
= n3b
54πc3
ω4µ
= n3b
|m|2
6πc3

Pscat,ED = nb

(2.37)

Pscat,EQ

(2.38)

Pscat,M D

Cscat =

< Pscat >
Pscat
=
I0
c|E0 |2

(2.39)

(2.40)

Figure 2.7 shows an example calculation of the electric dipole resonance from a gold
nanosphere. It can be seen that scattering from the induced electric dipole has the same
spectral behavior as the directly simulated scattering cross section, indicating the dominance
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Figure 2.7: An example near-field multipole expansion up to the first order of a 20 nm
gold sphere in air under a plane wave excitation. (a) FDTD simulation setup with propagation and polarization directions for the incident wave. (b) Electric near-field intensity
distribution calculated within the center cross sectional x-y plane by FDTD at resonance
(508 nm). (c) Calculated electric dipole moment spectrum. (d) Calculated scattering cross
section spectrum from the electric dipole scattering mode.
of the dipole scattering mode for small particles. Higher ordered resonances are rarely seen
in nanoparticles, since the amplitude of multipole moments decays with a higher powered
dependence on the observation distance. For particles with comparable size to the incident
wavelength, however, higher ordered multipole moments may become non-negligible in optical response. Hastings et al demonstrated the multipole expansion calculation for a 1̃50
nm gold spiky nanoshell, which exhibits a quadrupole resonance as a result of both size and
shape.[79]
2.4.2. Multipole Expansion in Spherical Coordinates for Spherical Particles
For nanoparticles with a larger size compared with the ones discussed above, the FDTD
simulated near-field becomes less accurate and sometimes reduces the reliability of the near-
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field multipole expansion. For spherical particles, however, an analytical method called the
Mie scattering theory can be used to accurately describe the optical response by performing
a multipole expansion into a set of spherically symmetric function bases.
A light wave can be quantitatively described by the Helmholtz wave equations with some
manipulations to the original Maxwell’s curl equations, as shown in Equation 2.41 and 2.42.

∇2 E + k 2 E = 0

(2.41)

∇2 H + k 2 H = 0

(2.42)

It can be shown[28] that the solution to the above vector differential equations can be
written as two orthogonal vector functions constructed by a scalar function ψ which also
satisfy a similar wave equation.
∇2 ψ + k 2 ψ = 0

(2.43)

The two vector spherical wave functions (VSWFs) are defined as

M = ∇ × (r̂ψ)

(2.44)

1
∇×M
k

(2.45)

N=

It is worth noting that M and N are both divergence-free and curls of each other, a consistent
property with the fields described in the Maxwell’s Equations. The solution to Equation
2.43 in a spherical polar coordinate can be written as the product of a radial function Rn
and a spherical wave function (SWF, or a spherical harmonics) Ynm , defined in Equation
2.46, with the order n = 1, 2, 3 · · · and m = −n, −n + 1, · · · , n − 1, n.

ψ(r, θ, φ) = Rn (r)Ynm (θ, φ) = zn (kr)Pnm (cos θ)eimφ

(2.46)

Where Pnm is the associated Legendre polynomial and zn can be either the spherical Bessel
function of the first kind (jn (kr)) for incident and internal field, or the spherical Hankel
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(1)

function of the first kind (hn (kr)) for scattered field. The two vector functions can then
be constructed from Equation 2.44 and 2.45, and used to expand the incident and scattered
fields into contributions from multipole components of the order n as shown in Equation
2.47-2.50,

Ei = E0

∞
X

in

n=1

2n + 1
(1)
(1)
(Mo1n − iNe1n )
n(n + 1)

(2.47)

∞

X
2n + 1
k
(1)
(1)
in
(Me1n − iNo1n )
Hi = − E0
ωµ
n(n + 1)

(2.48)

n=1

Es = E0

∞
X

in

n=1

2n + 1
(3)
(3)
(ian Ne1n − bn Mo1n )
n(n + 1)

(2.49)

∞

Hs =

X
k
2n + 1
(3)
(3)
E0
in
(ibn No1n + an Me1n )
ωµ
n(n + 1)

(2.50)

n=1

where the subscripts e and o represent the φ dependent function taking the real (even) and
the imaginary (odd) part respectively, the subscript 1 indicates only terms with m = 1 are
non-vanishing in the expansion, the superscripts (1) and (3) indicate the radial function zn
taking the form of the spherical Bessel function of the first kind and the spherical Hankel
function of the first kind respectively as discussed above, and scattering coefficients an
and bn describe the contribution from the electric and magnetic multipole moments with a
specific order to the scattered field and can be calculated from the particle size, according
to Equation 2.51 and 2.52,

an =
bn =

µm2 jn (mkr)[krjn (kr)]0 − µjn (kr)[mkrjn (mkr)]0
(1)

(1)

µ0 m2 jn (mkr)[krhn (kr)]0 − µhn (kr)[mkrjn (mkr)]0
µ1 jn (mkr)[krjn (kr)]0 − µ0 jn (kr)[mkrjn (mkr)]0
(1)

(1)

µjn (mkr)[krhn (kr)]0 − µ0 hn (kr)[mkrjn (mkr)]0

(2.51)
(2.52)

where the derivative is taken with respect to the variable kr, and m is the ratio between the
index of refraction in the particle and that in the medium. In this formalism, the scattering
response of the particle is conveniently described with respect to the incidence, thus the
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scattering cross section can be written in a simple form.

Cscat =

∞
2π X
(2n + 1)(|an |2 + |bn |2 )
k2

(2.53)

n=1

Figure 2.8 shows the field pattern from the first few multipole modes, as described by the
VSWFs in Equation 2.47 through 2.50. The multipole moments themselves, on the other
hand, can be obtained by comparing specific terms Equation 2.49 or 2.50 with the radiated
field from a point multipole. For example, it can be shown[11] that the electric and the
magnetic dipole polarizability for a sphere under light excitation can be written with the
scattering coefficients of the first order:
6πb
a1
k3
6π
= −i 3 b1
k

αe = −i
αm

(2.54)
(2.55)

Mie scattering theory, despite its limited applicability to spheres only, is an analytical theory,
and thus features high accuracy and fast calculation without the need to be used along other
numerical methods such as FDTD. The complexity of the calculation is also independent
of the particle size, a significant advantage over the brute-force methods that make the Mie
theory ideal for studying the particle size dependence of optical response. Figure 2.9 shows
the particle size effect on the scattering contribution from the electric/magnetic dipole and
quadrupole modes using the example of a gold sphere. Similar to what has been discussed
in the previous section, for non-magnetic materials, the scattering from a small particle is
dominated by the electric dipole mode, with the contribution from higher ordered modes
becoming significant as the particle size increases.
2.4.3. Multipole Expansion in Spherical Coordinates for Arbitrarily Shaped Particles
For non-spherical scattering objects, the optical response can be calculated based on a similar approach. Waterman demonstrated in 1965 a formalism, now termed the T-matrix
method[216], to calculate the radar cross section for non-spherical objects such as sphere-
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Figure 2.8: Field patterns of the electric field components from the first few multipole modes
described by the VSWFs. Originally created by Gustav Mie in [139] and reprinted with
permission from Absorption and scattering of light by small particles, by C. F. Bohren and
D. R. Human. Copyright 1983 WILEY-VCH Verlag GmbH & Co.KGaA.
cone-sphere radar obstacles. Similar to Mie theory, the response from specific multipole
components are described by the scattering coefficients for specific VSWFs. However, without the perfect isotropy in the spherical symmetry, analytical evaluation of the expansion
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Figure 2.9: Mie theory calculation of the relative scattering contributions from the electric
dipole (ED), electric quadrupole (EQ), magnetic dipole (MD), magnetic quadrupole (MQ)
resonance modes of a gold sphere with different sizes.
coefficients based on the shapes of nanoparticles can be very challenging, especially for
randomly close-packed nanoparticle assemblies with both structural disorder and inhomogeneity. Hastings et al showed that with the assistance from numerical simulations such
as FDTD, the expanded coefficients can be retrieved from the simulated electromagnetic
response, without detailed analysis in the structures, and used to decompose the response
into multipole mode components.[78]Therefore, similar to the near-field multipole expansion
technique introduced in Section 2.4.1, for nanoparticles with complex shapes, this method is
better at analysis of the optical properties instead of predicting the response from scratch.
Similar to Equations 2.47 through 2.50, the incident and scattered field can be written as
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an expansion into the VSWFs[207] of orders n and m,

Ei =

X

(1)
iN
(1)
[aiM
nm Mnm (kr, θ, φ) + anm Nnm (kr, θ, φ)]

(2.56)

X
(3)
sN
(3)
[asM
nm Mnm (kr, θ, φ) + anm Nnm (kr, θ, φ)]

(2.57)

nm

Es =

nm

where Nnm and Nnm are the electric field components from the electric multipole modes
and from the magnetic multipole modes, with ai ’s and as ’s being the respective incident
and scattering coefficients. The VSWFs are defined below:
s
Nnm (kr, θ, φ) =

s
Mnm (kr, θ, φ) =

(
zn (kr) m
(2n + 1)(n − m)!
r̂n(n + 1)
Yn (θ, φ)
4πn(n + 1)(n + m)!
kr
)


imPnm (cos θ) imφ
[krzn (kr)]0 dPnm (cos θ)
θ̂
+ φ̂
e
(2.58)
+
kr
dθ
sin θ



(2n + 1)(n − m)!
imPnm (cos θ)
dPnm (cos θ) imφ
zn (kr) θ̂
− φ̂
e
(2.59)
4πn(n + 1)(n + m)!
sin θ
dθ
(1)

where again, zn (kr) takes the form of jn (kr) for superscript (1) and hn (kr) for superscript
(3). For a plane excitation with polarization in the direction ê, the incident coefficients can
be expressed as follows, with θ̂i and φ̂i defined with respect to the incident direction.

aiN
nm

aiM
nm

2n + 1
= (−1)m in−1
n(n + 1)

s

4πn(n + 1)(n + m)!
E0 ê·
(2n + 1)(n − m)!


imPn−m (cos θ) −imφ
dPn−m (cos θ)
θ̂i
− φ̂i
e
(2.60)
dθ
sin θ

2n + 1
i
n(n + 1)

s

4πn(n + 1)(n + m)!
E0 ê·
(2n + 1)(n − m)!


imPn−m (cos θ)
dPn−m (cos θ) −imφ
θ̂i
+ φ̂i
e
(2.61)
sin θ
dθ

m+1 n

= (−1)

However, as discussed above, the scattering coefficients cannot be readily calculated for com-
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plex structures. Hastings et al demonstrated a retrieval approach for the electric multipole
modes, using the property of the radial component in the scattered electric field.[78]
s
r̂·Es =

X

(3)
asN
nm r̂·Nnm =

nm

X

asN
nm

nm

(1)

(2n + 1)(n − m)! n(n + 1)hn (kr) m
Yn (θ, φ) (2.62)
4πn(n + 1)(n + m)!
kr

The coefficients can then be retrieved by muliplying a conjugate SWF Ynm∗ = Yn−m on both
sides and integrating over an arbitrary closed surface outside the studied objects, using the
orthonormal property of the SWFs.
s
asN
nm

=

H
4πn(n + 1)(n + m)! (2n + 1)k[ A (r̂ · Es )Yn−m r0 dA]
(2n + 1)(n − m)! (−1)m 4πn(n + 1)r2 h(n 1)(kr)
0

(2.63)

For simplicity in evaluating the surface integral, the closed surface A is chosen to be a
spherical one enclosing the scattering object, with radius r0 and dA = r02 sin θdθdφ. A
similar expression for the scattering coefficients of the magnetic multipole modes is available
through the same procedure using the radial component in the scattered magnetic field. The
expansion of the scattered magnetic field can be obtained by applying the Maxwell’s curl
equation to 2.57. Noticing that M’s and N’s are curls of each other (Equation 2.44 and
2.45), and ignoring the radial free M ’s after taking the curl, one can obtain the following,
similar to Equation 2.62.
i X sM
ik X sM
i
anm r̂ · ∇ × M(3)
a r̂ · N(3)
r̂ · Hs = − r̂ · ∇ × Es = −
nm = −
nm
ω
ω nm
ω nm nm
s
(1)
ik X sM
(2n + 1)(n − m)! n(n + 1)hn (kr) m
anm
Yn (θ, φ) (2.64)
=−
ω nm
4πn(n + 1)(n + m)!
kr
The scattering coefficients for the magnetic multipole modes can then be retrived as follows,
p
with η = µ/ being the wave impedance of the medium.
s
asM
nm

=

H
4πn(n + 1)(n + m)! iη(2n + 1)k[ A (r̂ · Hs )Yn−m r0 dA]
(1)
(2n + 1)(n − m)!
(−1)m 4πn(n + 1)r2 hn (kr)
0
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(2.65)

As demonstrated by Tsang et al [207], a combined index l can be defined in place of n and
m, as shown in Equation 2.66 and Table 2.1.

l = n(n + 1) + m

n
1
1
1
2
2
2
2
2
...

m
-1
0
1
-2
-1
0
1
2
...

(2.66)

l
1
2
3
4
5
6
7
8
...

Table 2.1: Example of the first few combined index and corresponding separate indicies.
Reprinted with permission from Scattering of Electromagnetic Waves, Theories and Applications, by Leung Tsang, Jin Au Kong and Kung-Hau Ding. Copyright 2000 Jonh Wiley
& Sons.
Using the combined index, it is possible to write the incident and scattering coefficients as
arrays, with a T-matrix defined to describe the relations between the two,

 
 

sM
(11)
(12)
iM
T  al 
al  T

=
=

(21) T(22)
iN
asN
T
a
l
l

(2.67)

as = Tai

(2.68)

or

Both are equivalent to the following expression in terms of matrix elements, where the
primed subscripts are the multipole order for incident components, and the unprimed sub-
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scripts are for the scattering components.

asM
nm

=

X

(11)
Tnmn0 m0 aiM
n0 m0

+

(12)
Tnmn0 m0 aiN
n0 m0


(2.69)

n0 m0

asN
nm


X  (21)
(22)
iM
iN
=
Tnmn0 m0 an0 m0 + Tnmn0 m0 an0 m0

(2.70)

n0 m0

The scattering response from an object with respect to incidence can be described by the
scattering amplitude dyad, as defined in [207] and shown in Equation 2.71,





  
E1s  f11 f12  E1i 

=
= 
E2s
f21 f22
E2i

(2.71)

where the subscripts 1 and 2 indicate the field components in any two orthogonal directions
defined in the plane of incidence and scattering (such as the x and y directions in a plane
normal to the z axis, or the vertical and horizontal directions in a plane normal to the
wavevector, etc). Multipole scattering of a nanoparticle with respect to specific multipole
components from the incident plane wave with unit field amplitude Ei = ê can thus be
described by the T-matrix, by applying Equation 2.58 through 2.61, 2.63 and 2.65 to 2.56
and 2.57. For simplicity, some of the commonly used polynomials and vector spherical
functions in Equation 2.72 and 2.74 are defined below.
s
γnm =

4πn(n + 1)(n + m)!
(2n + 1)(n − m)!



imPnm (cos θ) imφ
dPnm (cos θ)
+ φ̂
e
Bnm (θ, φ) = θ̂
dθ
sin θ


imPnm (cos θ)
dP m (cos θ) imφ
Cnm (θ, φ) = θ̂
− φ̂ n
e
sin θ
dθ

(2.72)
(2.73)
(2.74)

The scattering cross section of a nanoparticle can then be written as the multipole sum as
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shown in Equation 2.75

Cscat

16π 2
= 2
k

(
X

n0



m0

(11)

i (−1) γn0 ,−m0 Tnmn0 m0 Cn0 ,−m0 (θi , φi ) · ê

n0 m0

−
+

X

n0

(12)
iTnmn0 m0 Bn0 ,−m0 (θi , φi )
m0




· ê

2

(21)

i (−1) γn0 ,−m0 Tnmn0 m0 Cn0 ,−m0 (θi , φi ) · ê

n0 m0

−

(12)
iTnmn0 m0 Bn0 ,−m0 (θi , φi )

 2)
· ê
(2.75)

Although multipole expansion within the T-matrix formalism is based on the same idea
with using the near-field expansion introduced in 2.4.1, the two methods have respective
advantages from a practical point of view when combined with full wave numerical simulations. For particles and structures with a large size, sharp features, and small gaps between
mellatic interfaces, the near electromagnetic field within the particle calculated by numerical
simulations including FDTD becomes less accurate with reasonable computing resources.
The T-matrix expansion, however, uses only the scattered field outside the nanoparticle
away from the particle surfaces and extreme structural features, and thus provides a higher
accuracy. On the other hand, the requirement of recording calculated field values on a
closed surface outside the particle indicates that a larger region is needed with sufficiently
fine meshing, and in turn, a higher demand of computing resource and longer simulation
time. In this work, small particles with simple shapes like nanospheres, nanorods and nanodisks are evaluated using the near-field Cartesian coordinate multipole expansions, while
large nanoparticle assemblies with structural inhomogenity and disorder are evaluated with
the scattered field spherical coordinate mulitpole expansions.
The off-diagonal T-matrix elements also provides valuable physical insights in modal interference studies. Hastings et al used the relative amplitude of the off-diagonal elements with
respect to the diagonal ones to demonstrate the perturbation effect from interference between the dipole and quadrupole resonance modes on the spectral shapes of spikey nanoshell
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particles.[78]
2.4.4. Converting Dipole Moments Across Coordinate Systems
In Mie theory, the incident polarization can be assumed to be arbitrary due to the spherical
symmetry of the problem. The resulting dipole moments can thus be described by scalar
polarizabilities as shown in Equation 2.54 and 2.55, with directions identical to the incident
fields. For arbitrarily shaped particles, however, an nth ordered multipole moment has
2n + 1 components, each labelled by the index m. For dipole moments, the directions of the
three components with m = −1, m = 0 and m = 1 are orthogonal to each other, but not
necessarily directly correspond to the x, y and z directions in the Cartesian coordinates.
Since typical FDTD calculations use rectangular Yee cells only, it is desirable to rewrite in
the Cartesian coordinates, the dipole polarizabilities calculated under spherical coordinates.
This can be performed by comparing the field distributions radiated from a dipole defined
in the Cartesian coordinates (applying Equation 2.31 and 2.32 to 2.24 and 2.25) with the
dipolar scattered field components from expansion under spherical coordinates (Equation
2.57). For example, examination of the electric field from an electric dipole and the magnetic
field from a magnetic dipole leads to Equation 2.76 and Equation 2.77, respectively,
eikr
eikr 
1
sN
sN
(p · ∇)∇
+ k2 p
= asN
1,−1 N1,−1 + a1,0 N1,0 + a1,1 N1,1

4πr
4πr

eikr
eikr 
sM
sM
= − (m · ∇)∇
+ k2 m
= asM
1,−1 M1,−1 + a1,0 M1,0 + a1,1 M1,1
4πr
4πr

EED =
HM D

(2.76)
(2.77)

where the following identities are applied:

∇(A · ∇f ) = (A · ∇)∇f

(2.78)

∇ × (A × ∇f ) = A∇2 f − (A · ∇)∇f

(2.79)

∇

eikr
1 eikr
= r̂(ik − )
4πr
r 4πr

(2.80)

eikr
eikr
= −k 2
4πr
4πr

(2.81)

∇2
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For Equation 2.76 and 2.77, by evaluating the differentiation in spherical coordinates and
keeping only the radial components on both sides, the following relations can be obtained for
the electric and the magnetic dipole moment components written in terms of the scattering
coefficients calculated from T-matrix theory.
√

3π
sN
px = −i 3 (asN
1,−1 − a1,1 )
k
√
3π
sN
py = − 3 (asN
1,−1 + a1,1 )
k
√
6π
pz = −i 3 asN
0,−1
k
√
mx =

3π

k3 η

sM
(asM
1,−1 − a1,1 )

(2.82)
(2.83)
(2.84)

(2.85)

√

3π
my = −i 3 (asM
+ asM
1,1 )
k η 1,−1
√
6π
mz = 3 asM
k η 0,−1

(2.86)
(2.87)

2.4.5. Magnetic Dipole from Non-magnetic Structures
Despite what the name suggests, the magnetic dipole resonance has the same order in the
expansion as the electric quadrupole, as can be seen from the similar position dependence
in Equation 2.33 and 2.34. Unlike the abundance of electrons in nature, magnetic charges
(monopoles) are yet to be found, if exist at all. All paramagnetic and ferromagnetic materials also have a trivial susceptibility at optical frequencies. However, magnetic resonance
can still be formed and observed from purely electric and dielectric materials. For particles
with a large size and a high refractive index, the magnetic dipole resonance can become nonnegligible just like other higher ordered resonance modes. The resonance can be described
by the Mie theory for spherical particles and is usually termed Mie resonance. Kuznetsov
et al demonstrated the observation of ”magnetic light” from the magnetic dipole Mie resonance of silicon particles with sizes between 100 nm and 200 nm through dark-field optical
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microscopy, as shown in Figure 2.10.[109] For smaller particles, the magnetic dipole reso-

Figure 2.10: Dark-field optical microscopic images (i), SEM images (ii), dark-field scattering spectra (iii), theoretical scattering and extinction spectra calculated by Mie theory
(iv) for silicon nanospheres of various sizes in free space. Reprinted with permission under a Creative Commons Attribution-NonCommercial-ShareALike 3.0 Unported License
https://creativecommons.org/licenses/by-nc-sa/3.0 , from Arseniy I. Kuznetsov, Andrey E.
Miroshnichenko, Yuan Hsing Fu, JingBo Zhang and Boris Luk’yanchuk. Scientific Reports,
2012, 2, 492, with no change made.
nance can also be formed by coupling of multiple electric dipole resonances. The BiotSavart
law suggests that magnetic field can be generated by an electric current (including displacement and polarization current). In the case of a loop of current (I) with a sufficiently small

41

area (A) from the far-field, the generated magnetic field is identical to that from a point
magnetic dipole, as shown in Equation 2.88, which can be shown equivalent to Equation
2.33[76]
m = IA

(2.88)

Figure 2.11: A nanoring made of N nanoparticles symmetrically displaced around the
origin of a Cartesian reference system in the xy plane. The electric polarization response to
a uniform magnetic excitation is depicted in the figure, ensuring purely rotational induced
electric dipoles (black arrows). Reprinted figure with permission from Andrea Alu and Nader
Engheta. Phys. Rev. B 78, 085112, 2008.http://dx.doi.org/10.1103/PhysRevB.78.085112.
Copyright 2008 by the American Physical Society.
m = ẑ

−iωpN R
2

(2.89)

As demonstrated by Alu et al [10, 13], and shown in Figure 2.11, when arranged in a closed
loop, the resonant electric dipoles within each of the composing spheres oscillate in phase at
a specific excitation frequency, typically lower than that of the electric dipole. A resonant
magnetic dipole can be produced from the loop of oscillating electric dipoles, described
by Equation 2.89, where R = |rj | is the ring radius, and all composing electric dipole have
identical strength, as a result of the axial symmetry in both the structure and the excitation.
More on the magentic dipole resonance in plasmonic nanoparticle systems will be discussed
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in details in Chapter 4.

2.5. Green’s Function and Dipole-dipole Interactions
2.5.1. Scalar and Dyadic Green’s Function
The mathematical definition of a Green’s function with respect to a linear operator is a
function that returns a Dirac delta function when acted on by the operator, as shown in
Equation 2.90.
LG(x − x0 ) = δ(x − x0 )

(2.90)

In electromagnetics, the Green’s function can be used to describe the field distribution
generated from a point source. As briefly mentioned in Section 2.4.1, electromagnetic
potentials (Equation 2.24 and 2.25) can be used to calculate field values from sources of
specific spatial distributions. To perform such evaluations, the Maxwell’s Equations 2.14
and 2.17 need to be re-written to account for electric sources.

∇·E=

ρ


∇ × H = J − iωE

(2.91)
(2.92)

Taking curl of Equation 2.24 on both sides and re-arranging using Equation 2.92 leads to
the following:
(∇2 + k 2 )A = ∇(∇ · A − iωµφ) − µJ

(2.93)

where the identity ∇ × ∇ × A = −∇2 A + ∇(∇ · A) is applied. Mathematical form of the
potentials can be arbitrarily constructed as boundary conditions for Equation 2.24 and 2.25
as long as the field values are not affect. To simplify, the Lorentz Gauge ∇ · A = iωµφ is
chosen, giving the Helmholtz Equation for the vector potential.

(∇2 + k 2 )A = −µJ
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(2.94)

A similar relation can be obtained for the scalar potential by taking divergence of Equation
2.25 on both sides, applying 2.91 and the Lorentz Gauge.

(∇2 + k 2 )φ = −

ρ


(2.95)

Considering a single point charge or a single infinitesimal segment of current at the position
r0 , the Green’s function of the Helmholtz operator can be evaluated by multiplying the
source distribution functions to Equation 2.90 on both sides.
(∇2 + k 2 )G(r − r0 )(−µJ(r0 )) = δ(r − r0 )µJ(r0 )
(∇2 + k 2 )G(r − r0 )(−

ρ(r0 )
ρ(r0 )
) = δ(r − r0 )



(2.96)
(2.97)

The potentials can be evaluated by integrating Equation 2.96 and 2.97 on both sides over
the source region (primed coordinates), and applying Equation 2.94 and 2.95 to the right
side.
Z

(∇2 + k 2 )G(r − r0 )(−µJ(r0 ))dV 0 = −µJ(r) = −(∇2 + k 2 )A(r)
Z
ρ(r0 )
ρ(r)
(∇2 + k 2 )G(r − r0 )(−
)dV 0 = −
= −(∇2 + k 2 )φ(r)



(2.98)
(2.99)

For well behaved integrals, the linear operator can be taken from both sides:
Z
A(r) = µ
φ(r) =

1


Z

G(r − r0 )J(r0 )dV 0

(2.100)

G(r − r0 )ρ(r)dV 0

(2.101)

It can be shown[161] that for the Helmholtz operator, the solution to Equation 2.90 in three
dimensional space, called the scalar Green’s function, is
0

G(r − r0 ) =
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eik|r−r |
4π|r − r0 |

(2.102)

0

where, the positive sign in e+ik|r−r | for outward radiation, leading to Equation 2.26 and
2.27. The field values can then be calculated with Equation 2.24 and 2.25, leading to
Z
1
E = iω(I + ∇∇) · A = iωµ G((r, r0 )J(r0 )dV 0
k
Z
1
H = ∇ × A = ∇G(r, r0 ) × J(r0 )dV 0
µ

(2.103)
(2.104)

with the dyadic Green’s function defined as:
1
G(r, r0 ) = (I + ∇∇)G(r, r0 )
k

(2.105)

where I is the unit dyad. More detailed and rigorous derivations can be found in reference
[161].
2.5.2. Quantitative Description of Dipole-dipole Interactions
Consider an ensemble of polarizable point dipoles, each positioned at rj with a dipole
moment pj . In steady state, due to the electromagnetic coupling between the dipoles, both
amplitude and direction of individual dipoles can be different from those of an isolated
dipole under the same excitation. Specifically, the local electric field at the position of each
dipole can be written as:
E(rj ) = E0 (rj ) + Ep (rj )

(2.106)

where E0 and Ep are the incident field and the induced field by other dipoles at the position.
The induced field by any other point diople can be expressed in terms of the moment of
the coupled dipole and the dyadic Green’s function, by applying Equation 2.103 and 2.105
while keeping only the first term in Equation 2.31.

Ep (rj , pj0 ) = G(rj , rj 0 )pj 0
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(2.107)

The local field in Equation 2.106 can thus be written as:

E(rj ) = E0 (rj ) +

X

G(rj , rj 0 )pj 0

(2.108)

j 0 6=j

On the other hand, in Section 2.2, polarizability was introduced for induced dipoles as the
ratio between the dipole moment and the local field (Equation 2.10). Equation 2.108 can
be re-written as:
X

αj−1 pj = E0 (rj ) +

G(rj , rj 0 )pj 0

(2.109)

j 0 6=j

Equation 2.109 indicates that the linear relation between the incident field and the induced
dipole moments can be described using a matrix notation[132, 133],

E0 = Qp

(2.110)

where Q is termed the dipole interaction dyad[132]. As shown in Equation 2.111 for an
ensemble of N induced dipoles, p and E0 are column vectors of size 3N × 1, while Q is a
3N × 3N matrix with sub-matrices defined as follows. The diagonal sub-matrices are the
polarizability matrices (assumed isotropic in the equation) at corresponding positions of
the induced dipoles, and each off-diagonal sub-matrices is a 3 × 3 dyadic Green’s function
describing the dipole moment at one position as a result of the incident field at another.
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(2.111)

In the Cartesian coordinate system, a dyadic Green’s function sub-matrix can be calculated
as Equation 2.112[13].

Qjj0

"
#


1
ik
eik|rj −rj 0 |
k 2 (I − Djj 0 ) +
−
(3Djj 0 − I)
=
4πb |rj − rj 0 |
|rj − rj 0 |2 |rj − rj 0 |
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(2.112)

Where Djj 0 is defined below:
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Djj 0 =

As can be seen from Equation 2.112, the dyadic Green’s function is determined by the
geometric configuration of the dipoles. Evaluation of the coupled dipole moments from
Equation 2.111 generally requires matrix inversion, a potentially complicated process that
might require numeric methods for a system with a large number of point dipoles (such as an
ensemble of nanoparticle scatterers). However, solutions can be obtained easily for a small,
simple system and, as an analytical tool, can provide important physical insight on the
mechanism on the optical coupling effect for nanoparticle ensembles. For example, consider
two identical gold nanospheres with diameter d and placed in the vicinity of each other in
air with a separation distance l, under a plane wave excitation with unit amplitude and
polarized along the dimer long axis, as shown in Figure 2.12(a). By setting up a Cartesian
coordinate system with both particles centered on the x-axis at ±a = (d + l)/2, the dyadic
Green’s function can be calculated as Equation 2.114.
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(2.114)

The coupled dipole moments can thus be solved as follows.

p1 = p2 = x̂

1
α−1 −

ei2k0 a 1−i2k0 a
8π0 a
2a2

(2.115)

Compared with an isolated dipole, Equation 2.115 indicates that the new resonance condition is shifted towards a smaller value in the polarizability. For better accuracy, the
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polarizability for an isolated sphere can be calculated using the Mie theory, as in Equation
2.54, instead of 2.11 where the quasi-static approximation is assumed. The optical response
for such a dimer can be described by an effective net dipole p = p1 + p2 . While the Green’s
function method is able to describe the optical response of nanoparticle ensembles with an
analytical approach, the validity of the assumed dipole approximation must be considered
with significant care. In the calculation, the optical properties of the nanoparticles are
treated as point dipoles, which indicates that the dipolar scattering mode dominates the
optical response and that any optical coupling due to the overlap between the near-field
around the particle surfaces has been ignored. As the particle size increases or their separation decreases, the accuracy of the calculation by the Green’s function method becomes
less reliable but in many cases can still be used for a qualitative description of the coupling
mechanism. Figure 2.12 shows the accuracy of calculation based on the previously discussed
dimer model with respect to the scattering response simulated with FDTD. It can be seen
that as for smaller particles, the accuracy of the Green’s function calculation becomes less
sensitive to the interparticle distances, as the near-field is also weaker around the surface.
This fact has led to another robust and widely used brute-force numerical method known as
the Discrete Dipole Approximation (DDA)[132, 133]. In a typical calculation, an arbitrarily
shaped scattering object can be discretized into small polarizable dipoles. The full dyadic
Green’s function can be used to evaluate the optical response as a collective coupling effect
from individual composing dipoles.
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Figure 2.12: Accuracy of optical coupling calculations by the Green’s function method
compared with FDTD for a gold nanoparticle dimer model (a) at different particle sizes
(denoted d) and separations (denoted l).

2.6. Effective Medium Approximation
In electromagnetism, effective medium approximation (EMA) is a modeling method to describe the macroscopic properties of inhomogeneous materials through a process generally
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known as homogenisation.[188] Through homogenisation, the collective optical response
from different components within a structurally inhomogeneous medium is treated as the
property of a hypothetical homogeneous one with effective optical constants ef f , µef f and
nef f . EMA can be used to facilitate the analysis of nanoparticle composites or assemblies
by reducing the number of parameters needed to effectively describe the optical behavior
without having to resolve the complete microscopic structures. However, electromagnetic
homogenisation is usually not as simple as averaging optical constants based on volume fractions like other physical quantities including density. The basic principle of homogenisation
is to satisfy the requirement of electromagnetism. For example, the effective permittivity for
a homogeneous and isotropic ensemble of dielectric inclusions with identical polarizabilities
α can be described using the Clausius-Mossotti Equation[188, 174], as shown in Equation
2.116, where N is the number density of the polarizable dipoles within the effective medium.

ef f = 0

1+
1−

2N
30 α
N
30 α

(2.116)

Plasmonic nanoparticles, on the other hand, have a lossy nature and strong LSPR enhanced
near-field at resonance. Extension of the applicability in Equation 2.116 to an ensemble of
such inclusions requires that the nanoparticles are well separated from each other, so that
the near-field coupling is weakened to be comparable to that for an ensemble of dielectric
particles. For spherical or generally isotropic nanoparticles, Equation 2.11 can be directly
applied to obtain the well known Maxwell-Garnett mixing formula [188], where i is the
permittivity for the nanoparticle inclusions, and f is the volume fraction.

ef f = b + 3f b

i − b
i + 2b − f (i − b )

(2.117)

For other nanoparticles, the polarizability can be evaluated using appropriate approaches
introduced in Section 2.4, as long as the particle size is much smaller than the incident
wavelength, in order to satisfy both the dipole approximation and the quasi-static approximation assumed by the Clausius-Mossotti formula. Figure 2.13 shows an example EMA
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calculation of the optical response from an infinite slab containing identical gold spheres,
approximated as a homogeneous medium with an effective refractive index calculated using the Clausius-Mossotti relation. Beyond these assumptions, the averaged coupling effect

Figure 2.13: An example EMA calculation of the optical response from an array of 30 nm
gold spheres in air. (a) and (b) are schematic plots and optical constants for calculation
setup using gold spheres separated by 10 nm and the corresponding effective medium,
respectively. (c) and (d) are the FDTD calculated optical response from a system described
in (a) and (b), respectively.
needs to be evaluated more rigorously, for example by including higher ordered interactions
into the dyadic Green’s function. Under such complex scenarios, homogenisation much
be performed carefully to satisfy the constitutional relations between the volume averaged
fields, as in Equation 2.118
hDi = ef f hEi
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(2.118)

2.7. Optical Anisotropy
As has been briefly introduced in Section 2.1. An optically anisotropic medium is one
that exhibits different optical responses in different directions (with respect to the incident
electric field component). [83] Although this is a property most commonly seen as a result of
asymmetric crystalline structures and rarely in bulk plasmonic materials, optical anisotropy
can still be observed in nanoparticle ensembles due to the anisotropic shape or packing
scheme of the plasmonic building blocks, as a macroscopic property of an effective medium.
In terms of symmetry, optical anisotropic media can be divided into two categories, uniaxial
and biaxial. A biaxial medium is the general form of an anisotropic material. Under proper
alignment of the medium with respect to the coordinate system (such as along the principal
axes of a crystal), the permittivity can be described with a diagonal tensor of rank two
(also known as a diagonal dyad), with a minimum of three different components as shown
in Equation 2.7. For a uniaxial medium, however, the permittivity can be described with
only two components, as shown in Equation 2.119, usually due to the existence of rotational
symmetry in the structures.

2
0
0
n

 e



2
r = 
 0 no 0 


0 0 n2o


(2.119)

The subscripts o and e stands for the notation of the two opitcal directions as “ordinary”
and “extraordinary”, which originated from the double refraction phenomenon observed
in such media. As can be seen from Equation 2.7 and 2.119, the optical property of an
anisotropic medium under a certain polarization can be described by a scalar refractive index
specific to that direction. For an oblique incidence with an arbitrary polarization angle, the
refractive index value can be evaluated by taking an average over the optical response from
the anisotropic components. For the purpose of this work, only the evaluation of uniaxial
refractive indices will be demonstrated below. To describe the optical response from an
anisotropic material, the source-free Maxwell’s Equations need to be re-written using the
anisotropic permittivity tensor. For simplicity, the permeability is assumed isotropic with
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an ambient value.

∇E = iωµ0 H

(2.120)

∇H = −iωµ0 0 r E

(2.121)

Taking the curl of Equation 2.120 results in:

∇ × ∇ × E = −∇2 E + ∇(∇ · E) = ω 2 µ0 0 r E

(2.122)

which leads to the Helmholtz Equation 2.41 for an isotropic medium. In an anisotropic
medium, however, D and E are generally not parallel to each other. The following can be
obtained by assuming plane wave incidence E = êE0 eik·r−iωt , where k = n ωc k̂.
r E = n2 (E − k̂(k̂ · E))

(2.123)

A Cartesian coordinate system can be set up as in Figure 2.14, where any direction in the

Figure 2.14: The Cartesian coordinate system assumed for calculation.
x-y plane is ordinary and the extraordinary direction is along the z axis. Assuming the x-z
plane is the plane of incidence, the dot product can be evaluated as

k̂ · E = Ex sin θ + Ez cos θ
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(2.124)

Two linear equations can then be written using the components of the electric field to
describe the optical response in the ordinary and the extraordinary direction.

n2o Ex = n2 (Ex − Ex sin2 θ − Ez cos θ sin θ) = n2 (Ex cos2 θ − Ez cos θ sin θ)

(2.125)

n2e Ez = n2 (Ez − Ex sin θ cos θ − Ez cos2 θ) = n2 (Ez sin2 θ − Ex sin θ cos θ)

(2.126)

For non-trivial solutions to exist for the set of linear equations, the following equation needs
to be satisfied.
n2o − n2 cos2 θ

sin θ cos θ

sin θ cos θ

n2e − n2 sin2 θ

=0

(2.127)

The solution is shown in Equation 2.128 and can be used to calculate an averaged index of
refraction for an uniaxial medium under arbitrary indicidence and polarization.
sin2 θ cos2 θ
1
=
+
n2
n2e
n2o

(2.128)

2.8. The Stokes Formalism of Polarization and the Ellipsometry Method
2.8.1. Polarization States
Light can be described as a transverse electromagnetic wave, with the field components
oscillating within a plane normal to the propagation direction, known as the plane of
oscillation.[83] The polarization of a light wave describes the orientation of the field and
its time evolution. A polarization state can be identified by examining the phase difference
between the two orthogonal field component within the plane of oscillation, as can be seen
from Equation 2.129 for a wave travelling in the z direction.

E(z, t) = x̂E0x ei(kz−ωt) + ŷE0y ei(kz−ωt+δ)

(2.129)

As shown in Figure 2.15, specific polarization states can be defined as follows. In a linearly
polarized light, δ = 0 or π and the two field components oscillate either in phase or 180◦
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Figure 2.15: Demonstration of the time evolution of the total electric field vectors in a linearly polarized light (a), a right-circularly polarized light (b), and a left-elliptically polarized
light (c).
out of phase. This indicates that the field orientation is constant, while the amplitude and
sign oscillates with time. The total field can be written as:

E(z, t) = (x̂ ± ŷ)E0x ei(kz−ωt)

(2.130)

A circularly polarized light have two defining features. First, the two orthogonal field
components have equal amplitudes (E0x = E0y = E0 ). In addition, they are 90◦ out of
phase with each other (δ = ± π2 ). The field of a circularily polarized light can be written as
E(z, t) = (x̂ ± iŷ)E0 ei(kz−ωt)

(2.131)

For a circularly polarized wave, the handedness is determined by sign of the phase difference
between the two components within the plane of oscillation. A right-circularly polarized
wave has δ = − π2 , where the phase of Ey leads that of Ex by

π
2,

and the total electric field

component rotates clockwise during propagation when observed towards the source. On the
other hand, in a left-circularly polarized wave, the phase of Ex leads that of Ey by δ = π2 ,
and the field vector rotates counter-clockwise when observed towards the source.
Polarization states other than the above two are more general, and termed elliptically
polarized states. The handedness can be defined in the same way as in circularly polarized
states, except that the amount of phase difference may be arbitrary. The time dependent
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relative amplitudes of the components can be described by the following.

(

Ey 2
Ex Ey
Ex 2
) +(
) − 2(
)(
) cos δ = sin2 δ
E0x
E0y
E0x E0y

(2.132)

Figure 2.16 schematically shows the dependence of polarization states on phase differences
between the two orthogonal field components.

Figure 2.16: Polarization states and the corresponding phase differences between field components. Figure from HECHT, EUGENE, OPTICS, 3rd, c 1998. Adapted by permission
of Pearson Education, Inc., New York, New York.

Light from an ordinary source is called natural light. The polarization of a natural light
changes rapidly in an unpredictable way, resulting in a time-averaged random polarization
state and thus is also termed unpolarized light. To obtain light with a specific polarization state, a class of optical elements called polarizers can be used. Polarizers can either
change the polarization directions by blocking the field component perpendicular to the
transmission axis (for example, linear polarizers), or change the state of polarization itself
by causing phase lag to one of the field components by a fixed amount (retarders). For a
linearly polarized light passing through a linear polarizer, the intensity of the transmitted
light is reduced, as described by the Malu’s Law:

I(θ) = I0 cos2 θ

(2.133)

where I0 and I are the incident and transmitted intensity, respectively, and θ is the angle
between the incident electric field direction and the transmission axis of the polarizer.
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2.8.2. Stokes Parameters and the Mueller Matrix
In the previous section, it can be seen that the polarization states have been defined using
the orientation of the electric field vector, a quantity not directly measurable at optical
frequencies. The Stokes parameters can be used to construct a mathematical description of
a polarization state in terms of different intensities measured from transmission through four
different hypothetical optical filters.[83] Each of the filters can transmit half of the incident
intensity under the incidence of an unpolarized light, with the transmitted intensity denoted
as I0 , I1 , I2 and I3 , respectively. The first filter is an isotropic one that transmits half the
intensities for all polarizations. The second and the third filters are linear polarizers with
transmission axis along the horizontal direction and at +45◦ , respectively. The fourth filter
is a circular polarizer blocking the left-circularly polarized state. Under this setup, and using
the definitions of polarization states through Equation 2.129, the four Stokes parameters are
defined as follows, where the pre-factor 12 c0 has been suppressed and the braket indicates
time average.[82]

S0 = 2I0 = hE02x i + hE02y i

(2.134)

S1 = 2I1 − 2I0 = hE02x i − hE02y i

(2.135)

S2 = 2I2 − 2I0 = h2E0x E0y cos δi

(2.136)

S3 = 2I3 − 2I0 = h2E0x E0y sin δi

(2.137)

Other commonly used symbols include S1 , S2 , S3 , S4 and I, Q, U , V . Under this formalism,
any polarization state can be describe by a column vector of the four Stokes parameters, as
shown in Equation 2.138. Common polarization states and correspondig Stokes parameters
are shown in Table 2.2. Polarizer properties can also be quantitatively described by a 4 × 4
matrix relating the incident and transmitted Stokes parameters, called the Mueller matrix,
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Polarization State
Linearly polarized along x axis

Linearly polarized along y axis

Linearly polarized along y = x

Linearly polarized along y = −x

Right circularly polarized

Light circularly polarized

Stokes Vector
 
1
1
 
0
0
1
−1
 
0
0
1
0
 
1
0
1
0
 
−1
0
1
0
 
0
1
1
0
 
0
−1

Table 2.2: Example of common polarization states and corresponding Stokes vectors. Table from HECHT, EUGENE, OPTICS, 3rd, c 1998. Adapted by permission of Pearson
Education, Inc., New York, New York.
as shown in Equation 2.139.




S
 0
 
S1 
 
S= 
 
S2 
 
S3

(2.138)

Si = MSi

(2.139)

Common polarizers and correspondig Mueller matrices are shown in Table 2.3
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Polarizer
Linear along x axis

Linear along y axis

Linear along y = x

Linear along y = −x

Right-handed circular

Left-handed circular

Quarter-wave plate with fast axis along x axis

Quarter-wave plate with fast axis along y axis

Mueller Matrix


1 1 0 0


1 1 1 0 0
2 0 0 0 0
 0 0 0 0 
1 −1 0 0

−1
1 0 0
1

2 0
0 0 0
0 0 
0
0
1 0 1 0


1 0 0 0 0
2 1 0 1 0
 0 0 0 0 
1 0 −1 0

0 0 0
1 0

2 −1 0
1 0
0
0 0 0 
1 0 0 1


1 0 0 0 0
2 0 0 0 0
 1 0 0 1 
1 0 0 −1

0 0 0
1 0

2 0
0 0 0
−1 0 0 1
1 0 0 0
0 1 0 0


0 0 0 1
0 0 −1 0
1 0 0 0
0 1 0 0 


0 0 0 −1
0 0 1 0

Table 2.3: Example of common polarizers and corresponding Mueller Matrices. Table from
HECHT, EUGENE, OPTICS, 3rd, c 1998. Adapted by permission of Pearson Education,
Inc., New York, New York.

2.8.3. Ellipsometry
Ellipsometry is an optical characterization method to measure thickness and optical constants of thin films. As shown in Figure 2.17a [220, 90], commercial ellipsometers typically
use a reflection measurement setup. However, a significant difference between ellipsom-
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etry and conventional reflectometry is that besides the reflected power (field amplitude),
ellipsometry also records the phase changes in the relfected optical field components, with
respect to the incident field. The inclusion of both amplitude and phase provides a more
accurate and complete description of the thin film samples than from reflectometry measurements. Light reflected from or transmitted through a material interface can be described by

Figure 2.17:
(a) Schematic plot of a typical setup for ellipsometry measurements.
Figure created by Buntgarn, at the English Wikipedia project
https://commons.wikimedia.org/w/index.php?curid=3332636, reprinted with permission
with no change made under the Creative Commons Attribution-Share Alike 3.0 Unported
license, https://creativecommons.org/licenses/by-sa/3.0/ (b) Flow chart description of retrieving thin film properties from an ellipsometry measurement.
the Fresnel’s Equations, which relate the field reflection coefficient r =
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Er
Ei

and transmission

coefficient t =

Et
Ei

to the optical constants of involved media denoted 1 and 2: [83]
η2 cos θi − η1 cos θt
η2 cos θi + η1 cos θt
η2 cos θt − η1 cos θi
rp =
η2 cos θt + η1 cos θi
2η2 cos θi
ts =
η2 cos θi + η1 cos θt
2η2 cos θi
tp =
η2 cos θt + η1 cos θi
rs =

(2.140)
(2.141)
(2.142)
(2.143)

The subscript s and p indicates the incident polarization directions. For an s-polarized
light, the electric field component is perpendicular to the plane of incidence, as shown in
Figure 2.18a, and is also termed a light with perpendicular, horizontal or transverse electric
(TE) polarization. On the other hand, a p-polarized light has the electric field component
in the plane of incidence, as shown in Figure 2.18b, and is also termed a light with parallel,
vertical or transverse magnetic (TM) polarization. The incident and transmitted angles θi
and θt are related through the Snell’s Law

n1 sin θi = n2 sin θt

(2.144)

For multi-layered samples, calculating these coefficients are generally more complicated
due to the thin-film interference effect between interfaces, but is still analytically solvable
through a ray tracing evaluation.[20]
In an ellipsometry measurement, the thin film properties are incorporated into the two
ellipsometry parameters describing the ratio between the reflection coefficients with two
different polarizations, as defined in Equation 2.145.

ρ=

rp
= tan Ψei∆
rs

(2.145)

The angles Ψ and ∆ describe the amplitude and the phase of the complex ratio ρ written in a
phaser form |ρ|eiθ(ρ) . As discussed above, although specific field components are not directly
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Figure 2.18: Field configurations for an incident light of s-polarization (a) and p-polarization
(b), respectively.
measurable, the polarization states can be determined through a set of differently polarized
incident lights, similar to how the Stokes parameters are defined. In a simplest model
where reflection only occurs at the interface between two semi-infinite media, the optical
constants are retrievable analytically using the Fresnel’s Equations (sometimes termed the
pseudo-inversion method since noise is not accounted for).

1 − ρ
 = sin2 θi 1 + tan2 θi
1+ρ

(2.146)

More generally, the investigated thin film samples are described by much more complicated
models and can only be evaluated through fitting, as schematically shown in Figure 2.17b.
Analyses through fitting has also made spectroscopic ellipsometry a very flexible indirect
approach by enabling characterization of thickness and optical constants independently,
especially if measurements and analyses with variable incident angles and wavelengths are
available. Figure 2.19 shows an example of the spectroscopic ellipsometry parameter profiles
for a 20 nm thick gold film on a glass substrate. However, the numeric fitting process must
be performed carefully to avoid violating physical constrains. For example, the imaginary
parts of optical constants must be positive for passive materials, to account for optical loss
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Figure 2.19: Bulk refractive index spectrum for gold (a), and calculated spectroscopic
ellipsometry parameters for a 20 nm thick gold film coated on a glass substrate under 55◦
(b) and 70◦ (c) incidence, respectively.
instead of gain. In addition, the dispersion relations of the real and imaginary parts of the
optical constants must also be Krammers-Kronig consistent as described in Section 2.1. Specific structural features of the analyzed sample also need to be accounted for. For example,
film roughness can lower the effective refractive index at the surface. In theory, the ellipsometry method is highly suitable for effective medium analyses, since the idea of retrieving
the properties through response is employed. However, in practice the applicability must
be carefully evaluated. Inhomogeneous films may cause unwanted depolarization (where
the polarized incidence becomes unpolarized) creating a source of noise. In general, the
fitting algorithms for retrieving sample properties has become increasingly complicated to
accommodate variations from both signals and samples to meet the demand across different
communities.[230, 102, 73, 156]
Figure 2.20 demonstrates the detailed process of a simple effective medium analysis using spectroscopic ellipsometry. The studied system is a layer of randomly dispersed gold
nanospheres coated on glass, prepared by collaborator Sunghee Lee. As shown in Figure
2.20a, the nanospheres are 10 nm in size and uniformed dispersed. Ellipsometry parameters
were measured over five different incident angles, the data from three of which are shown
in Figure 2.20b. It can be seen that strong resonance in the visible light region caused
abnormal behavior in the optical spectra. To reduce the number of necessary parameters
in an initial fit as a starting point, the data in the near infrared region (>900 nm) were
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fitted to a Cauchy model. As shown in Equation 2.147, the Cauchy model can be used to
describe the refractive index dispersion relation for transparent lossless materials without
the imaginary part, applicable to gold only in the infrared region away from resonance.

n(λ) = A +

B
C
+ 4
2
λ
λ

(2.147)

Using the Cauchy model fit as shown in Figure 2.20c, the fit can be further piecewise extended to the rest of the spectrum with a point-by-point numerical fit (termed a basic
spline, or B-spline fit), as shown in Figure 2.20d. The B-spline fit provides sufficient flexibility to account for the abnormal dispersion at resonance, but must be performed with
care so that physical constrains are not violated (for example, the permittivity beyond 1400
nm), as introduced earlier in the section. To improve the physical robustness of the model,
the fitted imaginary part of the permittivity function in Figure 2.20d was constructed with
physically well behaving oscillator functions. As shown in Figure 2.20e, the spectral shape
of the imaginary permittivity function can be constructed with a Lorentz function centered
at resonance and a broad Gaussian function at the ultraviolet region to account for the
spectral broadening caused by disorders in the particle size and distribution. The resulting
fitted effective permittivity function is shown in Figure 2.20f, with a similar shape to the
EMA modeled refractive index functions shown in Figure 2.13b.
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Figure 2.20: An example EMA analysis using spectroscopic ellipsometry on a layer of gold
nanospheres. (a) Transmission electron microscopic image of the gold nanosphere layer
(Taken by Sunghee Lee). (b) Ellipsometry parameter measurement shown over selected
three out of five angles. (c) Initial fitting using the Cauchy model for the lossless effective
permittivity in the near infrared region, the black dashed curves are the final models used
to fit the measurement. (d) Piecewise fitting into a basic spline model using the result
in (c) as initial values. (e) Construction of the imaginary part of the permittivity using
two physically well behaving oscillator functions. (f) Final retrieved effective permittivity
functions described through oscillator functions in (e).

2.9. The Electromagnetic Mechanism for Surface Enhanced Raman Scattering (SERS)
In the quantum description of light-matter interactions, scattering from a molecular system
can be categorized into two mechanisms. During a typical molecular spectroscopic measurement, molecules absorb photons from a laser excitation and are excited to a virtual energy
state.[64] The absorbed photon can be re-emitted, where the intensity values at different
emission frequencies are recorded. If the absorbed photon has the same frequency with the
emitted, then the process is termed an elastic (or Rayleigh) scattering process, since no energy is lost. Raman scattering, on the other hand, is an inelastic scattering process, where
the scattered frequency differs from that of excitation, typially due to coupling to vibrational
or electronic state transitions in the molecular system.[64] Since the virtual energy state is
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only an intermediate state, instead of an observable stationary one, Raman spectroscopy in
theory does not require specific excitation frequencies. The characteristic spectral features
are thus labelled with difference between the excitation and scattering frequencies. A Raman scattering process can be either Stokes scattering or Anti-Stoke scattering, depending
on the relative scattering frequency with respect to the excitation, as shown in Figure 2.21.

Figure 2.21:
A schematic plot of three different scattering mechanisms in
a typical molecular spectroscopic measurement.
Figure created by Wikimedia,
https://commons.wikimedia.org/w/index.php?curid=2772554, reprinted with permission
with no change made under the Creative Commons Attribution-Share Alike 3.0 Unported
license, https://creativecommons.org/licenses/by-sa/3.0/
As has been introduced in the previous chapter, Raman scattering can be amplified by
plasmon induced near-field enhancement, thus termed surface enhanced Raman scattering
(SERS).[158] Although a rigorous quantitative description of SERS requires the use of
quantum electrodynamics (as demonstrated in [65]), it has been theoretically shown that
for many molecular systems, the total enhancement factor can be approximated by the
product of the enhancement factor in the excitation intensity and that in the scattering
intensity, typically termed E 4 , as shown in Equation 2.148. [65, 159]

EF =

D E(ω ) 2 ED E(ω ) 2 E
e
s
E0 (ωe )
E0 (ωs )
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(2.148)

Where E and E0 are the local electric field and the incident electric amplitude at either
excitation or scattering frequency. This indicates that the SERS enhancement performance
for nanoparticle systems can be evaluated by classical electromagnetic methods like FDTD,
through examining the total near electric field intensity with a region around the plasmonic
nanoparticles accessible to the analyte molecules.
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CHAPTER 3 : An Effective Medium Model of Optical Birefringence from
Plasmonic Nanoparticle Orientations in a Polymer Composite
In the following two chapters, a simple form of plasmonic nanoparticle systems with building blocks randomly mixed on the ensemble scale will be investigated using the modeling
assisted effective medium and multipole analysis introduced in the previous chapter. For
bottom-up synthesized nanoparticles, embedding in a polymer matrix as a nanocomposite
has been a facile but effective approach in fabrication of bulk or thin film devices ready for
functional applications. Frequently, to achieve a homogeneous property, aggregation has
been undesirable in such systems, indicating that, under weak optical coupling, the ensemble optical property can be described by extrapolating the response from single particles.
Under this guideline, relatively simple effective medium analyses can be used to relate the
measurable macroscopic optical properties to the behavior and distributions of the building
blocks with a reasonable reliability. In subsequent sections, a type of nanocomposites with
gold nanorods embedded in a polymer matrix will be investigated for the building block
orientational distribution as an example of such characterization design. First, a theoretical effective medium model is established to describe the composite optical properties using
single particle simulations. Then the model will be employed in designing the experimental
characterization of the average nanorod orientation using spectroscopic ellipsometry. Application in an in-situ temperature dependent re-orienation dyanmics study will also be
demonstrated.
The content of this chapter is reprinted from Chen Li, Ethan Glor, Rober Ferrier, Russell
J. Composto, and Zahra Fakhraai. Effective medium analysis of optical birefringence in
plasmonic polymer nanocomposites. To be submitted for publication.

3.1. Abstract
For plasmonic nanoparticle systems, embedding in a polymer matrix as a composite is an
important way of integration into functional devices with a low-cost process and controllable
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dispersion. However, there still lacks a cost effective ensemble-level characterization method
of the nanoparticle building blocks to be used for metrology in large scale mass production.
In this article, we present an electrodynamic model as a guideline to design far-field optical
experiments for characterization of the orientation distribution in anisotropic noble metal
nanoparticles, such as nanorods and nanodisks, in a polymer nanocomposite. The model
system was designed with gold nanoparticles embedded in dielectric matrix as an example
with the axially symmetric building blocks oriented mostly in-plane. The in-plane orientation of the particles results in uniaxial optical birefringence, potentially measurable using
spectroscopic ellipsometry. The composite system was treated as a homogeneous metamaterial with uniaxial birefringence. Finite-difference time-domain (FDTD) simulations and
effective medium calculations were performed to relate the measured birefringence to the
tilt angle distribution of the particles. This theoretical approach should able to predict
the experimentally measured extinction spectra, and optical birefringence of the polymer
nanocomposite.

3.2. Introduction
Due to their easy processability, and low-cost bottom-up fabrication process, noble metal
nanoparticle assembled in polymer nanocomposite systems provide competent candidates
for designing novel functional coatings with superior mechanical[21, 136] , electrical[66, 218]
and optical[25] properties that rival their top-down designed counterparts. However, since
many of these properties are sensitive to spatial distribution[136] and orientation[237, 122]
of the subwavelength building blocks, it is important to develop new experimental methods
and theoretical models for effective description and characterization of the ensemble properties of these coatings to account for the local inhomogeneity, orientation order, and disorder
introduced during the bottom-up fabrication. In-situ methods to characterize these properties can help in the design and manufacturing process and allow better design of physical
properties.
Localized surface plasmon resonance (LSPR) is a unique property of noble metal nanoparti69

cles that greatly enhances their electromagnetic scattering through collective dipolar oscillation of the electron cloud. The spectral profile of such resonance is sensitive to the size[180],
shape[110, 204, 176], dielectric environment and optical coupling between particles within
an ensemble[77, 197]. This suggests that the phenomenon allows an indirect approach in
probing the structural features of subwavelength particles from optical response. Under
light excitation, scattering from each of the randomly positioned and oriented particles can
result in an averaged response with certain isotropy, depending on the degree of structural
disorder. This indicates the viability of treating a plasmonic nanoparticle composite equivalently as a homogeneous optical medium under the effective medium approximation (EMA),
whose structural features then retrievable through conventional spectroscopy techniques.
While electron microscopy is undoubtedly an accurate and widely preferred way of characterizing the nanoparticle building blocks within a composite, the limitation in targeted
size scale brings both technical and affordability challenges to metrology for large scale productions and in situ studies in dynamic processes. Common far-field characterizations like
UV/visible/infrared spectroscopy and small-angle X-ray scattering[122], on the other hand,
is much more facile and cost effective, but provide little insight outside a colloidal environment or a highly ordered structure. Recently we reported the spectroscopic ellipsometry
analysis in the re-orientation dynamics of gold nanorods (AuNRs) embeded in a polymer
matrix.[71] Spectroscopic ellipsometry (SE) is an optical analysis that measures change in
both amplitude and phase between incident and reflected light from surfaces and thin films
through the two ellipsometry parameter angles defined from the following equation, with rp
and rs representing the field reflection coefficient for p-polarized and s-polarized incidence,
respectively:
rp
= tan(Ψ)ei∆
rs

(3.1)

With a known film thickness and substrate property, bulk refractive index can be obtained
through fitting under appropriate models. Compared with more commonly used reflection
or transmission spectroscopy that only measures intensity, the inclusion of phase information
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in the reflection coefficients makes this technique more reliable, especially for analysis of
lossy materials with imaginary component in the refractive index. For example, it has been
shown that shape[67] , size[156, 221] , occupation densities[27] and dielectric properties[213]
of isotropic metallic nanoparticles coated on a substrate can be obtained from effective index
profile obtained from ellipsometric measurement and fitting.
In this article, we detail how optical birefringence, measured by experimental methods
such as ellipsometry [71] can be modeled using an anisotropic effective medium model, in
order to predict the orientation order parameter of non-isotropic particles in a polymer
nanocomposite. The robust model can be applied as a quantitative model to evaluate the
in-plane or out of-plane orientation of nanoparticles. For demonstration, a common thin
film composite system with gold nanoparticles of an axially symmetric shape (like nanorods
or nanodisks) uniformly dispersed within a polymer matrix was analyzed as an example. For
simplicity, it is assumed that the nanoparticles are well dispersed and thus randomly oriented
in the plane of the film, while the out-of-plane orientation distribution is controlled by the
film thickness. Under the coupling between the LSPR within individual optical scatterers,
the composite can be treated as a homogeneous amorphous metamaterial with uniaxial
indices of refraction, potentially measurable through far-field refraction spectroscopy such as
spectroscopic ellipsometry. Finite-difference time-domain (FDTD) simulations and effective
medium calculations were performed to relate the optical birefringence to the out-of-plane
tilt order parameter of the anisotropic nanoparticles. The model can be potentially applied
to other common nanoparticle composite systems to design a facile and in-situ-compatible
analysis method to replace the frequently used, but more complicated and costly electron
microscopy analysis.
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3.3. Theory and Method
3.3.1. Effective Refractive Index Calculation
The effective refractive index for an isotropic and random ensemble of identical and homogeneously distributed dipoles can be described by the Clausius-Mossotti relation: [174, 91]

nef f

v
u
u1 +
=t
1−

2N
30 α
N
30 α

(3.2)

where N is the number density of dipoles in the effective medium, 0 is the free-space permittivity, and α = |p|/|E0 | is the polarizability of a nanoparticle building block under excitation
E0 . It is worth noting that the dipole approximation would fail if the nanoparticles are close
to each other, as the interaction between the near-field becomes non-negligible. Howerver,
it might still be possible to treat aggregated nanoparticles as a single excited point dipole
from the far-field.
3.3.2. Optical Anisotropy
The optical response of anisotropic particles depends on the relative orientation with respect
to the incident polarization. Due to the cylindrical symmetry of AuNRs investigated in this
work, the polarizability of induced dipoles under light excitation may be described by a
tensor with uniaxial features



αt 0 0 


0 α 0
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0 0 αl

(3.3)

where αt and αl are the dipole polarizabilties under excitation polarized transverse and
longitudinal to the nanorod orientation, respectively. A similar effective permittivity tensor
can be obtained by applying the Clausius-Mossotti relation to the above two polarizability
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values:
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Here, nt and nl represent the effective bulk refractive index of an ensemble of uniformly
oriented nanorods, experienced by incident light polarized transverse and longitudinal to the
orientation of the rods, respectively. It can be shown that for oblique incident polarizations,
the effective index experienced can be calculated from the following mixing formula[236]:
1
sin2 (γ) cos2 (γ)
+
=
n2
n2l
n2t

(3.5)

where γ is the angle between the nanorod orientation and the incident polarization.
3.3.3. Electrodynamic Modeling
Optical behaviors of the nanocomposite building blocks were modeled using finite-difference
time-domain (FDTD) simulations with the commercial Lumerical FDTD Solutions package
(Version 8.11). Simulation details were described in the supporting information as well
as our previous publications.[177, 79, 167] Size of the modeled nanorod, dispersion and
the matrix properties are constructed based on our previously reported system[71] as an
example and demonstrated in Figure 3.1a schematically.

3.4. Results and Discussions
Figure 3.1 describes the structure features of the investigated gold nanorod in the composite.
For simplicity in this demonstration, the nanorods were assumed well dispersed within
the polymer matrix. Thus, under light excitation, the coupling between the scattering
from adjacent rods should be relatively weak. This suggests that the optical response
from a single rod can be used to extrapolate that of the composite. Two separate FDTD
simulations were performed on a single nanorod, with incident polarization longitudinal and
transverse to the long axis of the modeled AuNR, respectively. Near electric field intensity
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Figure 3.1: Structure and properties of the investigated AuNR/polymer composite. (a)
schematic plot of the single AuNR and perspective view of the AuNRs dispersed in a
polymer matrix with disordered orientation. (b) and (c) The simulated far-field extinction
spectra with excitation polarization longtitudinal and transverse to the modeled rod, respectively. The insets plot the electric near-field distribution around the rod at the resonance
wavelengths in a cross sectional plane through the rod center
distributions were plotted around the nanorod in the insets on a cross-section view at the
wavelength for maximum extinction (520 nm for longitudinal excitation and 756 nm for
transverse). The dipolar shaped field intensity enhancement distributions indicate that the
dipole approximation assumed for effective index calculation is valid.
From Figure 3.1, at resonance the scattering from longitudinal LSPR is two orders of magnitude stronger than that from transverse LSPR. With the out-of-plane tilt orientation of
the embedded AuNRs confined by the composite film thickness, an in-plane orientation
preference can be assumed for the nanorods, and thus the longitudinal mode should be
more easily excited with in-plane incident polarization. This asymmetric distribution gives
rise to measurable uniaxial optical anisotropy.
To quantitatively relate the anisotropy to the nanorod orientation, dipole approximation
was applied to the subwavelength AuNRs by treating their scattering signal as the radiation
from a point dipole. Figure 3.2(a) and (b) show the calculated dipole moment profile of the
AuNR excited with polarization shown in the insets of Figure 3.1 (b) and (c), respectively.
The effective refractive index calculation, based on equation 3.2, for a hypothetical composite where all composing AuNRs are uniformly oriented transverse and longitudinal to
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the incident polarization are shown in Figure 3.2(c) and (d), respectively. The Lorentzian
shaped resonance profiles peaked at the measured far-field resonance wavelengths are consistent with the dipolar nature assumed previously for the two LSPR modes. As shown in
equation 3.5, to avoid confusion in symbolic terminologies, we use upper cased N and K for
the real and imaginary parts of the refractive index, and lower cased n and k for complex
refractive index and wavevector, respectively.

n(k) = N (k) + iK(k)

(3.6)

The effective index obtained for the hypothetical nanocomposite in Figure 3.2(c) and (d)
can be used to describe the actual nanocomposite by averaging over the AuNR orientations.
Figure 3.3(a) and (b) shows the schematic plots for the model setup, where θ, φ and γ
represent the angle between the rod and film surface normal (the z axis), the angle between
the xy-plane projection of the rod and the x axis, and that between the rod and the incident
electric field vector, respectively. From the schematic plots, it can be shownn that the angle
γ can be expressed in θ and φ by cos(γ) = sin(θ)sin(φ) for the in-plane incident polarization
(y-polarization assumed since in-plane rod orientation is arbitrary) and γ = θ for the outof-plane incident polarization. The effective refractive indices measured by in-plane and
out-of-plane incident polarizations can then be calculated based on equation 3.5, averaging
φ over 0 ∼ π according to the observed random in-plane rod orientation distribution, and
θ over a specific range for tilt angle investigated:
hsin2 (θ)sin2 (φ)i 1 − hsin2 (θ)sin2 (φ)i
hsin2 (θ)i 2 − hsin2 (θ)i
1
=
+
=
+
n2xy
n2l
n2t
2n2l
2n2t

1
hcos2 (θ)i hsin2 (θ)i
=
+
n2z
n2l
n2t

(3.7)

(3.8)

It has been proposed that an orientational order parameter can be defined as follows
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Figure 3.2: Electrodynamic calculation results based on FDTD simulations and dipole
approximation: (a) and (b) demonstrate the calculated dipole moment under corresponding
incident polarizations; (c) and (d) demonstrate the effective refractive index calculation
based on the Clausius-Mossotti relation for a hypothetical nanocomposite illustrated in the
insets

76

Figure 3.3: Example of effective index calculation for an AuNR nanocomposite with random
in-plane rod orientation and minor out-of-plane tilt: (a) and (b) are schematic plots for
calculation setup with in-plane and out-of-plane incident polarizations, respectively. (c)
and (d) are calculation results assuming a random distribution in a tilt angle range of
60◦ < θ < 90◦ when excited as shown in (a) and (b), respectively
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to describe the out-of-plane tilt distribution of assymetric molecules, as it greatly affects the relative strength between the resonant optical response under different excitation
directions:[228, 229]
S=

Kz − Kxy
3hcos2 (θ)i − 1
=
2
Kz + 2Kxy

(3.9)

where Kz and Kxy are imaginary parts of the calculated out-of-plane and in-plane refractive
indices, respectively. Figure 3.4 shows the tilt orientational order parameter calculation
results from equation 3.8. The calculation assumed a uniform tilt distribution within a
certain range under in-plane or out-of-plane dominance. The S values and ranges of −0.5 <
S < 0, 0 < S < 1 and S = 0 can be interpreted as the composite dominated by in-plane,
out-of-plane and completely disordered AuNR orientations, respectively. A clear trend of
convergence to 0 with larger ranges of the tilt angle is also observed, indicating larger
disorder in tilt distribution.
The fitted imaginary part of the in-plane (solid green line) and out-of-plane (solid yellow
line) effective indices were compared with the calculated results (dashed lines) based on a
60◦ < θ < 90◦ tilt angle range. The order parameters yielded from the two approaches are
well consistent with each other and can thus be used to estimate the tilt distribution of the
AuNR building blocks in the composite.
The above analysis is based on the assumption that the nanorod orientation takes a uniform distribution within a specific tilt angle range controlled by the coated film thickness.
This comes from the fact that no known physical constraints were applied to the nanorod
orientations besides the film thickness. However, the actual orientation distribution in the
composite is likely to bare an unpredictable degree of randomness. Since a more detailed
distribution pattern of the AuNRs within the composite cannot be readily obtained experimentally through a facile process, it is necessary to evaluate the robustness of our modeling
through the sensitivity of the characterized order parameter to the perturbation in the
assumed perfectly uniform tilt angle distribution in order to estimate the reliability of the
results. Figure 3.5 shows the dependence of the order parameter in the shape of the orienta78

Figure 3.4: Angle dependence of tilt order parameter at resonance and corresponding tilt
angle distribution used for calculation, assuming dominance by in-plane (a and b) and
out-of-plane (c and d) rod orientation, respectively.
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Figure 3.5: Method reliability test. (a) Probability distribution function assumed for AuNR
tilt angle distribution in the composite. (b) Calculated order parameter assuming different
probability distribution function based on a 60◦ < θ < 90◦ tilt range.
tional distribution function. A hyperbolic tangent function (equation 3.10, plotted in Figure
3.5(a)) was used to create an orientational distribution function that mostly resembles the
uniform distribution assumed above, but also perturbed around the cut-off controlled by
the coefficient λ:

p(θ) =


1
1 + tanh λ(θ − 60◦ )
2

(3.10)

Figure 3.5(b) shows the sensitivity of the order parameter to the coefficient λ. It can be seen
that as long as the actual orientational distribution of the AuNRs still generally resembles
a uniform distribution, the actual shape around the cut-off region has only a minor effect
on the order parameter, indicating the characterization quite reliable.
The method should also be applicable to composites with nanoparticle building blocks in
other axial symmetric shapes as well, as long as the size of the particles is much smaller
than the wavelength of incident light. For example, Figure 3.6 shows the order parameter
calculations for a nanodisk (a nanorod with inverse aspect ratio) composite. From Figure
3.6(d), the calculated order parameters also show a range in −0.5 0, indicating an in80

Figure 3.6: Order parameter calculations for a nanodisk composite. (a) Calculated effective
dipole moment for longitudinal resonance mode. (b) Calculated effective dipole moment
for longitudinal resonance mode. (c) Schematic plot for dimensions of the nanodisk and
the definition for the tilt angle. (d) Calculated order parameter and its dependence on the
range of tilt angles based on a uniform distribution between 0 and θmax
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plane orientation preference as controlled by the film thickness. However, the shape of the
dependence on the tilt angle range is mirrored when compared with Figure 3.4(b). This is
a direct result of the fact that for nanodisks, the transverse resonance mode, instead of the
longitudinal, produces a stronger induced dipole and thus dominates the optical response
as a contribution to the effective indices.

3.5. Conclusions
We proposed an effective optical medium approach to model the tilt orientational order
parameter of gold nanorods embedded in a polymer matrix with effective optical anisotropy,
experimentally realizable using spectroscopy refractometry or ellipsometry. In particular,
the nanocomposited was treated as a homogeneous bulk metamaterial with an effective
uniaxial birefringence due to the preferred in-plane nanorod orientation. The mechanism of
the characterization technique was explained theoretical calculations using single particle
FDTD simulations and dipole approximation.
The proposed model can be used to design experiemental analysis that is both more efficient
and affordable than the frequently used TEM analysis. Further improvement in applicability
for other more complicated nanocomposite systems or even nanoassemblies is also possible
by implementing additional calculations such as aggregation statistics, biaxial birefringence,
dipole-dipole interaction, etc.

3.6. Supporting Information
Near-field Multipole Expansion

Under optical excitation, a plasmonic nanoparticle

behaves like a passive radiation source, whose scattered electric near-field can be described
with the vector and scalar potentials, assuming e−iωt time conventions:

E = −∇φ + iωA
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(3.11)

The potentials are related to the radiation sources through the Helmholtz integrals[161]:
1
φ(r) =


0

Z

ρ(r0 )

eik|r−r |
dV 0
4π|r − r0 |

(3.12)

0

Z

J(r0 )

A(r) = µ

eik|r−r |
dV 0
4π|r − r0 |

(3.13)

where ρ(r0 ) and J(r0 ) are the charge density and current density distribution functions in
the source region V 0 , respectively. As only far-field response is of interest, the nanoparticle
can be viewed as a point-like source. Thus, by assuming r0  r, the potentials can be Taylor
expanded into multipole scattering modes around r0 .[161, 183] For scattering objects much
smaller than wavelength with simple shapes (such as spheres or rods), approximation that
the dipole mode dominates the far-field response can be made, thus keeping the leading
term in the expansion only:
1
φ(r) = − p · ∇G


(3.14)

A(r) = −iωµp∇G

(3.15)

where G = eikr /r is the scalar Green’s Function, and p is the excited dipole moment
that can be calculated from near-field current distribution by applying the continuity
equation:[161][183]
Z
p=

i
ρ(r )r dV =
ω
0

0

0

Z

J(r0 )dV 0

(3.16)

Since measurable properties such as scattering or extinction spectra should be modeled as
source-free response of optical excitation, the radiating current above refers to the polarization current, defined as the time derivative of electric polarization:

J=

∂P
= −iωP
∂t
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(3.17)

Figure 3.7: Size dependence of the longitudinal LSPR wavelength for the modeled AuNR,
based a range of length 33nm < l < 35nm and diameter 11nm < D < 13nm
The excited dipole moment is thus related to the local electric near-field distribution by the
following equation:
Z
p=

0

0

P(r )dV =

Z

(n2 (r0 ) − n2b )E(r0 )dV 0

(3.18)

where n and nb are the local refractive index and the background refractive index, respectively.
Simulation Details A single AuNR was modeled as a cylinder with spherical ends and
excited by a 2.66 fs broadband total-field scatter-field (TFSF) source polarized parallel and
perpendicular to the rod, respectively in separate simulations. The length and radius were
34 nm and 6 nm, respectively, as estimated from electron microscopy analysis and verified
by comparing the simulated and measured far-field spectra. A background refractive index
of 1.49 and perfectly matched layer (PML) boundary conditions were assumed to simulate
the semi-infinite PMMA matrix.
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Figure 3.8: Effective index calculation for a AuNR/PMMA composite with in-plane dominance in rod orientation, assuming minimum tilt angle θ of 30◦ ((a) and (b)), 60◦ ((c) and
(d)) and 90◦ ((e) and (f)).
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Figure 3.9: Effective index calculation for a AuNR/PMMA composite with out-of-plane
dominance in rod orientation, assuming minimum tilt angle θ of 0 ((a) and (b)), 30◦ ((c)
and (d)) and 60◦ ((e) and (f)).
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CHAPTER 4 : Application of the EMA Analysis Model in In-situ Characterization
of Nanorod Re-orientation Dynamics Study
The content of this chapter is reproduced from Ethan C. Glor, Robert C. Ferrier, Jr.,
Chen Li, Russell J. Composto and Zahra Fakhraai. Out-of-plane orientation alignment and
reorientation dynamics of gold nanorods in polymer nanocomposite films. Soft Matter, 2017,
13, 2207-2215. with permission from the Royal Society of Chemistry.

4.1. Abstract
In this work, we develop a novel, in situ characterization method to measure the orientation order parameter and investigate the reorientation and reshaping dynamics of polymer
grafted gold nanorods (AuNRs) in polymer nanocomposite (PNC) thin films. The long
aspect-ratio of AuNRs results in two well-defined plasmon resonance modes, allowing the
optical properties of the PNC to be tuned over a wide spectral range. The alignment of the
AuNRs in a particular direction can also be used to further tune these optical properties.
We utilize variable angle spectroscopic ellipsometry as a unique technique to measure the
optical properties of PNC films containing AuNRs at various angles of incidence, and use
effective index of refraction analysis of the PNC to relate the birefringence in the film due
to changes of the plasmon coupling to the orientation order parameter of AuNRs. Polymer
thin films (ca. 70 nm) of either polystyrene (PS) or poly(methyl methacrylate) (PMMA)
containing PS grafted AuNRs are probed with ellipsometry, and the resulting extinction
coefficient spectra compare favorably with more traditional analytical techniques, electron
microscopy (EM) and optical absorbance (vis-NIR) spectroscopy. Furthermore, variable angle spectroscopic ellipsometry measures optical birefringence, which allows us to determine
the in- and out-of plane order of the AuNRs, a property that is not easily accessible using
other measurement techniques. Additionally, this technique is applied in situ to demonstrate that AuNRs undergo a rapid (ca. 15 hours) reorientation before undergoing a slower
(ca. 24 hours) rod to sphere shape transition. The reorientation behavior is different de-
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pending on the polymer matrix used. In the athermal case (i.e. PS matrix), the AuNRs
reorient isotropically, while in PMMA the AuNRs do not become isotropic, which we hypothesize is due to PMMA preferentially wetting the silica substrate, leaving less vertical
space for the AuNRs to reorient.

4.2. Introduction
Incorporating nanoparticles into polymer matrices presents a unique opportunity to create novel functional materials that take advantage of both the processability of polymers
and the diversity of properties offered by nanoparticle type. Nanosized fillers have been
added to polymers to enhance tensile strength[21, 135, 125] and improve ionic[66, 97, 203]
and electrical conductivity.[47, 218, 219] The properties of these polymer nanocomposites
(PNCs) depend not only on the specific type and shape of the particle, but also on the
particle dispersion/assembly within the matrix. For example, gold nanorods (AuNRs) welldispersed in a polymer matrix[87, 86] exhibit different plasmonic behavior than AuNRs
assembled side-by-side[57] or end-to-end.[58] Specifically AuNRs aligned end to end exhibit
a longitudinal surface plasmon resonances (L-LSPR) that can red shift by up to 162 nm,
resulting in a significant change in optical properties.[58] As this example demonstrates,
it is paramount to understand how and why nanoparticles assemble in polymer matrices
in order to achieve control over nanocomposite properties. Since the relationship between
nanoparticle dispersion and material properties is of broad interest,[60, 74, 196, 171] new
characterization techniques that are both robust and facile are required to enhance our
understanding and control over the hierarchy of nanocomposite structures from the macroscopic to the level of particles. Currently, multiple techniques are required to characterize
the orientation ordering of nanoparticles in a polymer nanocomposite sample. For example,
to fully characterize a polymer thin film of AuNR composite, we utilize electron microscopy
(dispersion and side-by-side ordering), optical absorbance (Vis/NIR) spectroscopy, reflectometry (film thickness),[86, 57, 58] and small angle X-ray scattering.[104] While this combination of techniques provides important insight, further information like AuNR depth and
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the vertical tilt of the AuNRs have been difficult to precisely characterize. Ellipsometry is
a powerful in situ characterization technique which can model the optical properties and
the thickness of a polymer film through a single rapid measurement.[53, 70, 69, 102] Ellipsometry measurements performed at multiple angles have been used to measure the optical
birefringence[43, 129] and characterize the in- and out-of-plane orientation order parameter
of linear small-molecule organic glass thin films[231, 228, 229, 230, 72, 96] and exceptionally stable glasses.[129, 44] The plasmonic properties and the inherent shape anisotropy
of AuNRs suggests that multi-angle ellipsometry measurements could be used to characterize small changes in the vertical tilt of the AuNRs in a PNC that are difficult or
impossible to characterize using other methods.[104, 27, 213, 221, 156, 67] In this work,
we develop a method to characterize orientational order of AuNRs in PNCs. Specifically,
we use multi-angle ellipsometry experiments, combined with finite-difference time-domain
(FDTD) simulations and effective-medium index of refraction modeling to determine the
optical birefringence and degree of in- or out-of-plane orientation of well-dispersed AuNRs in
a single, rapid measurement. We demonstrate the capability of this technique in measuring
the out of plane tilt of AuNRs in spin-coated nanocomposite films, where traditional topdown imaging techniques appear to show completely horizontal orientation of the AuNRs.
Multi-angle ellipsometry measurements indicate that AuNRs in confining films (ca. AuNR
length) are slightly tilted vertically out of plane with a range of tilt angles (θ) between
60◦ < θ < 90◦ from vertical. This finding is of direct importance for controlling the optical
properties because plasmon coupling is sensitive to the vertical orientation (tilt) between
adjacent AuNRs, such as those found in an aggregate.
We also perform real-time multi-angle ellipsometry studies on the effect of temperature
on the optical properties of AuNRs decorated with PS brushes in two different polymer
matrices, polystyrene (PS) and poly(methyl methacrylate) (PMMA). Through these studies,
we can simultaneously observe differences in the dynamics and final orientation order of
AuNRs within these two different polymer melts, as well as the thermal reshaping of the
AuNR into isotropic spheres. While nanoparticle dynamics in polymer nanocomposites
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have been extensively studied by single particle tracking and depth profiling,[121] nanorod
diffusion has been measured in biopolymers,[38] as well as semidilute and entangled polymer
solutions,[7] to our knowledge this is the first report of measuring nanorod dynamics via
ellipsometry, on an ensemble level. We demonstrate that the AuNR reorientation slows down
in the matrix with higher molecular weight (PS here). As such, AuNR reorientation time
can potentially be used as a method to infer viscosity changes in PNC thin films. We also
show that, in contrast to the PS matrix with athermal interactions, in the PMMA matrix
the PS decorated AuNRs retain some degree of anisotropy, an indication that preferential
wetting of the substrate by PMMA allows less space for the rods to reorient upon thermal
annealing. These results open up the possibility for a wide array of in situ studies to
simultaneously measure the optical properties of nanocomposite films and the dynamics of
AuNR orientation under various conditions, allowing for a new route towards controlling
AuNR orientation (i.e., absorption properties) while probing the local viscosity around
AuNRs.

4.3. Experimental Details
Polymer nanocomposite (PNC) thin films containing AuNRs were prepared on various substrates. AuNRs (length = 35 ± 6.5 nm, diameter = 12 ± 2.6 nm, determined by analysis of
SEM images using ImageJ software) were synthesized[86, 58, 178, 151] and grafted with 11.5
kg mol−1 thiol terminated polystyrene (PS) (Mn = 11.5 kg mol−1 (index of polymerization
(NPS) = 110)). Homopolymer, either PS (Mn = 5.3 kg mol−1 , PDI 1.2) or poly(methyl
methacrylate) (PMMA) (Mn =1.1 kg mol−1 , PDI 1.2) (ca. 1 wt%), was added to a solution
of AuNRs in toluene. Polymer films (ca. 70 nm) were fabricated via spin-casting of the
PS(PMMA)/AuNR-PS solution onto a Si wafer (for SEM imaging), a glass coverslip (for
optical absorbance spectroscopy), and a single side frosted glass slide (for spectroscopic
ellipsometry) at 2000 rpm for 60 seconds. The surface of each substrate contains a native
oxide layer, and therefore all have similar surface chemistry. Furthermore, characterization
of the films on each substrate reveals the AuNRs are well dispersed and film thicknesses
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are roughly similar (ca. 70 nm). We denote these samples as PS/PS and PMMA/PS respectively to indicate the polymer matrix and polymer brush type (Matrix/Brush) for each
sample. Details of properties of each sample used in this study can be found in Table 4.1
in the supporting information section. The final loading percentage of AuNRs in the polymer matrix was controlled through dilution of the AuNR solution prior to addition of the
homopolymer. The percent loading of AuNRs for all samples was 4%.
Figure 4.1A shows a representative SEM image for a 73 nm film of PMMA/PS with 4%
loading of AuNRs. The AuNRs are observed to be isotropic in the in-plane direction of the
film as no apparent lateral orientation is observed in the SEM images. Figure 4.7 (supporting
information) shows a larger area SEM image, along with in-plane orientation angle analysis
that further confirms isotropic in-plane orientation of AuNRs after spin-coating. As such,
there is no orientational ordering of the AuNRs induced by spin casting. The AuNRs also
appear well-dispersed within this matrix, consistent with previous work.[57] To quantify the
dispersion state, cluster analysis of SEM image (Figure 4.1B) is used to bin the AuNRs as
individual, pairs, triads, etc. For this PMMA/PS film, 87.5% of the AuNRs are isolated
with the rest found in clusters of various sizes.
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Figure 4.1: (A) SEM image of the PMMA/PS sample with 4% loading of AuNRs (B) cluster
analysis of the SEM image, showing that most AuNRs are dispersed with 87.5% of clusters
representing individual AuNRs. The SEM image indicates that the AuNRs are isotropically
distributed in the xy plane (in-plane direction). Reproduced from Ethan C. Glor, Robert C.
Ferrier, Jr., Chen Li, Russell J. Composto and Zahra Fakhraai. Out-of-plane orientation
alignment and reorientation dynamics of gold nanorods in polymer nanocomposite films.
Soft Matter, 2017, 13, 2207-2215. with permission from the Royal Society of Chemistry.

4.4. Method Development
4.4.1. Ellipsometry Measurements of the Optical Properties
The optical properties of the PNC films were characterized using spectroscopic ellipsometry
(M2000, J.A. Woollam) at five angles of incidence in the range of 50◦ -70◦ . Figure 4.2A
shows an example of ellipsometric angles Ψ(λ) (red) and ∆(λ) (green) as a function of
wavelength, λ, at an angle of incidence 70◦ for a wavelength range of 400-1200 nm for the
PMMA/PS sample. Ellipsometric angles Ψ(λ) and ∆(λ) are the raw ellipsometric data
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measured and are functions of the ratio of the reflection coefficients of the material at two
different polarizations and are defined by the following equation:

tan (Ψ)ei∆ =

rp
rs

(4.1)

Here rp and rs are the reflection coefficients of the material for the p and s polarized light,
respectively. As such, tan (Ψ) and ∆ are the amplitude and the phase of this ratio at any
given wavelength. Since the ratio of the reflection coefficients depends on the index of
refraction of the material, as well as the film thickness, these angles can be used to fit an
appropriate model to obtain optical properties of the material as a function of λ. Variable
angle ellipsometry further allows measurements of birefringence in the index of refraction,
because Ψ(λ) and ∆(λ) at each angle sample various ratios of index of refraction in- and
out of-plane as detailed further in this manuscript. Ψ(λ) and ∆(λ) for incidence angles 50◦ ,
55◦ , 60◦ , 65◦ , and 75◦ can be seen in Figure 4.8 of the supporing information for a broader
spectral range (400 nm < λ < 1600 nm).
In the absence of a priori knowledge on the dispersion and orientation state of the AuNRs
in the PNC sample, we can first fit the ellipsometric data to an isotropic model for the
index of refraction. Analysis of Ψ(λ) and ∆(λ) using an isotropic index of refraction model
provides the real (0 (λ)) and imaginary (00 (λ)) components of the dielectric constant as
shown in Figure 4.2B and Figure 4.9 (supporting information), as well as the film thickness.
The film’s optical constants and thickness are first fit in the transparent region of the
spectrum (1000-1600 nm) as a two-layer model (PNC and the glass substrate) with the
composite layer treated as an isotropic medium. The film thickness was determined to be
73 ± 0.2 nm. Once the film thickness was determined, the fit was extended to model the
optical properties in the visible region, where the film has a non-zero extinction coefficient
(imaginary part of the index of refraction), still assuming an isotropic, but absorptive
medium. It is important to note that since PMMA is transparent, all optical absorption
observed in the visible spectrum is due to extinction (scattering and absorption) from
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Figure 4.2: (A) Ellipsometric measurements for a PMMA/PS sample with 4% AuNR loading. Ellipsometric angles Ψ(λ) (red) and ∆(λ) (green) data vs. wavelength at an angle
of incidence of 70 degrees, along with the corresponding two-layer isotropic model (black
dashed line) used to simultaneously fit to all data points for both Ψ(λ) and ∆(λ) in the
wavelength range of 400-1600 nm (400-1200 nm shown here for clarity, the full spectral
range for this data and the other four incident angles (50◦ , 55◦ , 60◦ , and 65◦ ) have been
excluded for clarity, but can be seen in supporting information, Figure 4.9). The data in
the range of 1000-1600 nm (region highlighted in orange here and in Figure 4.9, supporting information) was fit to a transparent Cauchy model. The fit was then extended to
lower wavelength range (from 1000 nm down to 400 nm) using a Kramers-Kronig consistent
model. (B) The resulting calculated real (0 , red line) and imaginary (00 , green line) parts
of dielectric permittivity as a function of wavelength. The gray curves represent the five
Gaussian oscillators used to determine 00 (green line), while 0 (red line) was determined
via a Kramers-Kronig transformation of the determined 00 (details in supporting information). Film thickness was determined by this fit to be 73 ± 0.2 nm. Reproduced from
Ethan C. Glor, Robert C. Ferrier, Jr., Chen Li, Russell J. Composto and Zahra Fakhraai.
Out-of-plane orientation alignment and reorientation dynamics of gold nanorods in polymer
nanocomposite films. Soft Matter, 2017, 13, 2207-2215. with permission from the Royal
Society of Chemistry.
individual AuNRs. However, since these particles are much smaller than the wavelength of
light, the layer as a whole can be treated as a homogeneous metamaterial with an effective-
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medium dielectric constant. The green line in Figure 4.2B is the calculated 00 (λ), obtained
by fitting the ellipsometry data to a series of five individual oscillators (grey lines, oscillator
parameters are detailed in supporting information, Table 4.2). 0 (λ) (red line) is determined
via a Kramers-Kronig transformation of 00 (λ). As shown in Figure 4.2A and Figure 4.9A
(supporting information), this model provides a good fit to the raw Ψ(λ) and ∆(λ) data
at all incident angles, with a mean square error (MSE) of 4.1. The resulting spectrum
(Figure 4.2B) exhibits a strong peak at longer wavelengths and a weaker peak at shorter
wavelengths corresponding to the two induced localized surface plasmon resonances (LSPR),
characteristic of metallic nanorods. The longitudinal localized surface plasmon resonance
(L-LSPR), due to collective oscillations along the length of the AuNR, is broad and, as
such, is described by two Gaussian peaks, with a maximum absorption at 751 nm. The
transverse localized surface plasmon resonance (T-LSPR) has a maximum absorption at
555 nm, and results from collective oscillations across the width of the AuNR. The two
additional oscillators at the shorter wavelengths are used to describe the plasmon resonance
of gold (details in supporting information). These two oscillators obscure the signal for the
T-LSPR, and thus the fit parameters for these oscillators are held constant for all further
analysis of birefringence presented below.
To demonstrate the efficacy of ellipsometry to characterize the effective dielectric constant of
nanocomposite films, we compare ellipsometry results with optical absorbance spectroscopy.
Fig. 3 shows the optical properties of the nanocomposite film as determined by optical
absorbance spectroscopy and spectroscopic ellipsometry, respectively. To compare these
two methods, the dielectric constant from ellipsometry (cf.Figure 4.2B) is converted to the
imaginary part of the index of refraction,[28]
s
K=

−02 +

p
(02 + 002 )
2

(4.2)

The imaginary component of the index of refraction is the extinction coefficient and is
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Figure 4.3: Comparison between the extinction coefficient (imaginary part of the index of
refraction, K) obtained by ellipsometry (blue, left axis) and optical absorption spectroscopy
(black, right axis) for the PNC film investigated in Figure 4.2 (PMMA/PS with 4% AuNR
loading). Reproduced from Ethan C. Glor, Robert C. Ferrier, Jr., Chen Li, Russell J. Composto and Zahra Fakhraai. Out-of-plane orientation alignment and reorientation dynamics
of gold nanorods in polymer nanocomposite films. Soft Matter, 2017, 13, 2207-2215. with
permission from the Royal Society of Chemistry.
proportional to the extinction spectrum measured by optical absorbance spectroscopy. As
observed in Figure 4.3, the spectra produced by the two methods closely agree, except in the
low wavelength spectral region (λ < 450 nm) where the cut-off in the spectrum limits our
ability to reliably fit the data. For the optical absorbance (Vis/NIR) and ellipsometry spectra, the L-LSPR peak positions are located at 757 nm and 751 nm, respectively. Similarly,
the T-LSPR peak positions are at 548 nm and 555 nm, respectively. The raw ellipsometry data for PS/PS sample with 4% AuNR loading can be seen in supporting information,
Figure 4.10, and SEM images and optical absorbance (Vis/NIR) and ellipsometry spectra
for this sample can be found in the supporting information (Figure 4.11). The similarity
between the optical absorbance (Vis/NIR) and ellipsometry spectra for both samples represents a proof of concept that spectroscopic ellipsometry accurately captures the optical
properties of nanocomposite films.[27, 221, 67, 156, 213]
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4.4.2. Measurements of the optical birefringence
By performing multi-angle measurements, we can take advantage of the unique capability of
ellipsometry to measure optical birefringence to probe the anisotropy of AuNRs. Measurements at various angles probe different ratios of the in- and out of-plane indices of refraction,
and as such can allow accurate measurements of the uniaxial optical birefringence. This
method has been previously used to measure optical birefringence in organic glasses and
liquid crystals.[43, 129, 231, 228, 229, 230, 72, 96, 44] By extending this method to polymer
nanocomposites, we are able to quantify a property that is difficult to measure, namely the
out of-plane tilt of the AuNRs with respect to the plane of the nanocomposite film. As the
angle is varied,Ψ(λ, θ) and ∆(λ, θ) vary depending on the value of birefringence and carry
information about the alignment of the anisotropic AuNRs (details in supporting information). To measure birefringence, the ellipsometry data was fit with a uniaxial anisotropic
model, in which, we assume that the index of refraction in the plane of the film is isotropic
(nx = ny = nxy ) and is different out of-plane (nz 6= nxy ). Here, nz and nxy are the out
of-plane and in-plane indices of refraction, respectively. We also assume that the index of
refraction at each wavelength and angle also depends on the angle of incidence as[61]
sin2 θ cos2 θ
1
=
+ 2
n(θ)2
n2z
nxy

(4.3)

Here θ is the angle with respect to the normal of the film. Adding anisotropy improves the
quality of the fit as can be seen is supporting information, Figure 4.12. Uniaxial birefringence is assumed here, because based on the SEM image in Figure 4.1A and the analysis
shown in Figure 4.7 (supporting information), it is safe to assume that the AuNRs are
isotropically oriented in the plane of the film (xy direction), and thus the sole source of
birefringence is from vertical tilt of the AuNRs. Figure 4.4 shows the resulting normalized
in-plane (green) and out of-plane (orange) extinction coefficients (imaginary part of the
index of refraction) for the same film shown in Figure 4.1 and 4.1 (PMMA/PS).
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Figure 4.4: Normalized in-plane extinction coefficient (Kx y, green line) and out of-plane
extinction coefficient (Kz , orange line) vs. wavelength for the PMMA/PS film. The two
spectra are normalized to the height of the L-LSPR peak for Kx y, with no other shift factors.
Larger in-plane extinction (Kx y > Kz ), as demonstrated by the black double arrow, means
that the long axis of the rods are mostly in-plane, resulting in larger L-LSPR extinction in
this direction. The order parameter, S, for this sample is S = -0.32 at the wavelength of λ
= 747 nm, the L-LSPR peak, small out of-plane tilt still exists in this sample. Reproduced
from Ethan C. Glor, Robert C. Ferrier, Jr., Chen Li, Russell J. Composto and Zahra
Fakhraai. Out-of-plane orientation alignment and reorientation dynamics of gold nanorods
in polymer nanocomposite films. Soft Matter, 2017, 13, 2207-2215. with permission from
the Royal Society of Chemistry.
Since the extinction coefficient of the PNC film represents extinction from an ensemble
of randomly positioned and oriented individual sub-wavelength scatterers/absorbers (i.e.
AuNRs), we can treat the sample as an amorphous metamaterial composed of individual
point dipoles. For these small AuNRs, the strong L-LSPR mode can be assumed to be
primarily a dipolar oscillation. Similar to other amorphous materials, the birefringence in
this film (Kz − Kxy ) is a measure of the degree of the orientation of these dipoles normal
to the plane of film.[231, 228, 229, 230, 72, 96, 44] The orientation order parameter (S), a
measure of the extent of out of-plane dipole orientation can be described as:[231, 228, 229,
230, 72, 96, 44]
S=

Kz − Kxy
3hcos2 θi − 1
=
2
Kz + 2Kxy
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(4.4)

where θ is the angle of the dipole with respect to normal (Figure 4.5C), and h i represents ensemble averaging over all dipoles in the medium. The value of S ranges between
−0.5 ≤ S ≤ 1, where −0.5 ≤ S ≤ 0 represents a sample with mostly in-plane AuNRs,
0 ≤ S ≤ 1 represents a sample with mostly out-of-plane AuNRs, and S = 0 represents
an isotropic sample, either from randomly oriented nanorods or isotropic particles, such as
nanospheres.[231, 228, 229, 230, 72, 96, 44] Based on the values of Kz and Kxy measured in
Figure 4.4 the PMMA/PS nanocomposite film an order parameter of S = -0.32 at 747 nm,
the L-LSPR peak wavelength, suggesting that while the AuNRs are mostly in plane as it appears in the SEM image shown in Figure 4.1, they are not, on average, perfectly horizontal
(S = -0.5). This is perhaps not surprising given that the film thickness (73 nm) is roughly
twice the length of the AuNRs (35 nm) in this study. However, the ability of ellipsometry to
quickly determine the orientation order parameter of AuNRs within a nanocomposite film
is unique and cannot be easily matched with other characterization techniques.[104] For example, due to the broad size variations in the AuNRs, it would be challenging to obtain this
information for such low tilt angles, simply by analyzing the SEM images, as the broadening
due to tilt is indistinguishable from the broadening due to size variations and only affect
the lower-size range of the histogram. Here, size variations show as broadening in L-LSPR
peak, while out of-plane tilt results in optical birefringence. This simple and quick characterization provides important insight into the nanocomposite morphology, which can have
significant impact on the optical properties of the material. Specifically, plasmonic coupling
between AuNRs depends on the vertical tilt alignment between neighboring AuNRs that
are not perfectly aligned in the xy plane.
4.4.3. Modeling of the Optical Birefringence
While in most situations calculating the orientation order parameter suffices in providing a
quantitative picture of the orientation of the AuNRs in polymer nanocomposites, one can go
a step further and determine the range of tilt angles that result in the value of S measured
here. To quantify the range of tilt angles representing the orientation order parameter
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Figure 4.5: (A) A cross-sectional near-field intensity map around a single model AuNR
with a length of 34 nm and a width of 12 nm at the L-LSPR resonance wavelength of
768 nm calculated using FDTD. The color bars are plotted in logarithm scale, with the
unit of |E|2 = 1V 2 m−2 . (B) The imaginary component of the index of refraction modeled
based on FDTD simulations at two incident polarizations to excite the L-LSPR (red line)
and T-LSPR (blue line) (C) a diagram defining the vertical tilt angle θ (D) Kxy (green
lines) and Kz (orange lines) determined by spectroscopic ellipsometry (dashed lines) and
FDTD simulations (solid lines) assuming a range of tilt angles between 60◦ < θ < 90◦ .
Reproduced from Ethan C. Glor, Robert C. Ferrier, Jr., Chen Li, Russell J. Composto
and Zahra Fakhraai. Out-of-plane orientation alignment and reorientation dynamics of
gold nanorods in polymer nanocomposite films. Soft Matter, 2017, 13, 2207-2215. with
permission from the Royal Society of Chemistry.
S = -0.32, finite-difference time-domain (FDTD, Lumerical Inc.) simulations were used
along with modeling of the effective index of refraction of an ensemble of nanoparticles at
random positions and various orientations with respect to normal (comprehensive details
in supporting information).
Figure 4.5 outlines the process by which this tilt angle range is determined. The extinction
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of the material is mostly due to scattering and absorption of light by the plasmonic AuNRs.
In the limit where the AuNRs are much smaller than the wavelength of light, which is
the case here, both L-LSPR and T-LSPR resonances can be described as induced dipole
moments. These induced dipole moments can be used to calculate the polarizability of the
PNC. The induced dipole moment p and the corresponding polarizability can be calculated
based on FDTD simulation of enhanced local electric field around the particles using the
following equation:
i
p = αE0 =
ω

Z

0 (n2 − n2b )EdV

(4.5)

Here E0 and n and nb are the incident electric field, the object’s index of refraction, and
the background refractive index, respectively.[161] The integral is over the entire simulation
volume and ω is the frequency of light. First, the effective polarizability matrix of a single
model AuNR (length = 34 nm, diameter = 12 nm, based on average particle size measured
in SEM image shown in supporting information, Figure 4.14 on bare silicon) in a PMMA
medium is calculated using two FDTD (Lumerical, Inc.) simulations, one corresponding to
the L-LSPR and the other to the T-LSPR mode excitations. In each simulation, the model
AuNR is excited using a broadband plane wave and the localized enhanced electric field
is calculated in time and space. A Fourier transform is used to calculate the electric field
in the frequency domain. A snapshot of the simulated electric field intensity around the
AuNR at the L-LSPR peak wavelength is shown in Figure 4.5A (more details in supporting information and Figure 4.8). The electric field enhancement both in the polarization
direction along the length of the rod as shown in Figure 4.5A and in the normal direction
(Figure 4.8B, supporting information) were used to calculate the dipole moment for the simulated AuNRs for both L-LSPR and T-LSPR modes as detailed in ESI. ClausiusMossotti
relationship under the dipole approximation[129, 67, 103] was then used, by assuming experimentally relevant inter-particle distances to calculate the effective electric permittivities,
and thus refractive indices of an ensemble of randomly positioned AuNRs, either all oriented in the plane of the film or all oriented normal to the plane of the film which are
defined as nl = NL−LSP R + iKL−LSP R and nt = NT −LSP R + iKT −LSP R , respectively. The
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imaginary parts of the calculated indices are shown in Figure 4.5B. The anisotropic indices
of the AuNR composite film were then calculated through an ensemble average calculation
of AuNRs with isotropic order in the xy plane, but with a range of possible tilt angles (θ in
Figure 4.5C) in order to match the degree of birefringence measured in the experiment. The
simulation results are compared to the ellipsometry results in Figure 4.5D. More details of
these calculations are outside the scope of this paper and will be published elsewhere.
Simply by holding the size of the modeled AuNRs equal to that of the average experimental
values for the AuNRs, the peak positions of the L-LSPR and T-LSPR modes agree well
with the ellipsometry data. We note, however, that the simulated spectra are narrower,
because they do not contain size and shape heterogeneity. Since L-LSPR is strongly sensitive to the length and the aspect-ratio of the rod, heterogeneity in rod size can broaden
the experimental peak. However, as evident from Figure 4.5D, the simple model used here
adequately predicts the optical properties and birefringence in these PNC systems. To assign the range of tilt angles in the nanocomposite film, different ranges of tilt angles were
tested until the simulated spectra matched the anisotropy determined from spectroscopic
ellipsometry. The resulting tilt angles were in the range of 60◦ ≤ θ ≤ 90◦ . The agreement
of both the anisotropy and peak positions of the simulated and experimental spectra provides even further evidence as to the ability to quickly and accurately characterize the in
plane ordering of AuNRs within nanocomposite films. Furthermore, these results suggest
that a pairing of spectroscopic ellipsometry and simulations could potentially be used to
characterize other important nanocomposite parameters, such as nanoparticle aggregation
or dispersion.

4.5. Results and Discussions
The AuNR PNC films produced in this study are made by spin-coating. As the solvent
evaporates during spin-coating, the film thickness is reduced, driving the AuNRs towards
a more in-plane orientation. The degree of orientation ordering depends on the ratio the
AuNRs length (L) vs. film thickness (h), such that, in thick films, the orientation should
102

be more or less isotropic, while in the limit of h < L the AuNRs are completely in-plane.
Measurements of the degree of ordering due to spin-coating or other processes that result
in kinetically trapped structures are challenging and time-consuming using conventional
techniques. If all AuNRs were exactly the same size, one could use the SEM image and,
assuming that the image is a projection of the length of the rods on a 2D plane, obtain the
orientation order parameter. However, the AuNRs used here are poly-dispersed (L = 35 ±
6.5 nm), and thus, it is impossible to relate the reduced size of the rod to an average out
of plane angle or orientation. For example, a 35 nm rod at an orientation angle of 60◦ is
measured to be 30 nm in length, well within the size ranges measured for the AuNRs used
here. An out of plane tilt with a random angular distribution between 60◦ ≤ θ ≤ 90◦ will
look like a distribution that is slightly broader and is slightly asymmetric towards lower
size values. The method used here to measure optical birefringence does not suffer from
this shortcoming, as the size dispersion of the AuNRs is observed as the broadening of the
LSPR peak, while the out of-plane ordering is measured as optical birefringence, and the
two effects can be separated from each other.
Furthermore, because of its ability to probe AuNR orientation order, spectroscopic ellipsometry can also be used as an in situ method to determine the change in the orientation
order parameter (S) of a nanocomposite when the film is exposed to external stimuli such
as thermal or solvent annealing. The important advantage of using this method is that
the reorientation of the AuNRs can be measured independently of their state of dispersion
or reshaping. For example, Figure 4.6A shows the evolution of both in- and out of-plane
extinction spectra of a PMMA/PS sample (denoted as PMMA/PS(2)) during thermal annealing. As shown in Figure 4.1 and 4.4 and our subsequent analysis here, the AuNRs
produced by spin-coating process have, on average, an in-plane orientation. Upon heating,
the viscosity of the polymer matrix is reduced, and this kinetically trapped configuration
relaxes towards an equilibrium state, which should result in a more isotropic orientation
of the AuNRs (S → 0). At the same time, upon heating the AuNRs lose their protective
brush coating and start re-shaping into spheres over long annealing times. The reorienta103

tion of the AuNRs can be tracked by changes in S, defined in Equation 4.4 as the difference
between the in- and out of-plane extinction coefficients at the L-LSPR peak, while changes
in AuNR shape or dispersion can be tracked by the shift in the value of the L-LSPR peak.
This process is schematically illustrated in Figure 4.6D.

Figure 4.6: (A) Absorbance in the xy (Kxy , solid lines) and z (Kz , dashed lines) directions
for a spun-cast sample of PMMA/PS(2) (black), immediately after heating to 473 K (0 hour,
red) and after 5 hours of annealing at 473 K (blue). (B) L-LSPR peak wavelength as a
function of annealing time at 473 K for the PS/PS film (circles) and the PMMA/PS(2) film
(squares). Open symbols show the corresponding initial values at room temperature before
annealing. The lines serve as guides to the eye. (C) Orientation order parameter, S, as a
function of annealing time at 473 K for the PS/PS film (black circles) and the PMMA/PS(2)
film (red squares). The open symbols (data points at t < 0) show the initial value of S
before the samples were heated. (D) Schematic demonstration of changes in the PMMA/PS
composite structure upon heating at 473 K. The AuNRs first reorient before becoming
isotropic spheres over long annealing times. Reproduced from Ethan C. Glor, Robert C.
Ferrier, Jr., Chen Li, Russell J. Composto and Zahra Fakhraai. Out-of-plane orientation
alignment and reorientation dynamics of gold nanorods in polymer nanocomposite films.
Soft Matter, 2017, 13, 2207-2215. with permission from the Royal Society of Chemistry.
Figure 4.6B shows that the L-LSPR peak of the PMMA/PS sample blue shifts from 722
nm to 696 nm immediately upon heating from 293 K to 473 K. The blue shifting continues
until the L-LSPR plateaus at 620 nm within an hour of annealing and continues more slowly
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for 26 hours. The sudden initial change of the L-LSPR peak is likely due to the change in
the index of refraction of the polymer matrix upon heating. Isothermal annealing at 473 K
results in reshaping of the AuNRs into spheres, which results in shifting of L-LSPR towards
the T-LSPR peak. After an annealing time of 26 hours, the L-LSPR and T-LSPR peaks
merge into a single resonance at 568 nm, signifying the transformation of the AuNRs to
spherical particles, as has been observed in previous studies.[131] The ellipsometry spectra of
the fully transformed spherical particles are shown in Figure 4.13 of supporting information.
Figure 4.6B also shows the change of the L-LSPR wavelength as a function of annealing
time at 473 K for the PS/PS sample. The PNC film with the PS matrix undergoes similar
spectral evolution, with one main exception it undergoes a slower blue shift than the PMMA
matrix film, which is likely due to the fact that the matrix molecular weight is higher and
thus the matrix viscosity is larger in the PS film compared to PMMA. As a result, the 11.5
kg mol−1 PS brush chains will diffuse away from the surface of nanoparticles more slowly,
resulting in slower reshaping of the AuNRs. SEM images of the samples after 5 hours and
24 hours of annealing are shown in Figure 4.14 (supporting information). These figures
show that AuNRs are mostly converted to spheres after 24 hours of annealing, but they
remain well-dispersed in both PS and PMMA composites. We also note that the thickness
of the PMMA/PS PNC does not change after 26 hours of annealing (Table 4.1, supporting
information), signifying that the PMMA matrix does not degrade. Furthermore, while
visible no polymer degradation occurs during the first 5 hours of annealing in the PS/PS
PNC, the thickness of the PS/PS film does decrease from 65 nm to 55 nm after 26 hours of
annealing.
Spectroscopic ellipsometry also provides insight into the dynamics of AuNR re-orientation
within the polymer melt upon annealing. Figure 4.6C shows the evolution of the order
parameter as a function of annealing time for the two PNCs. After the first 5 hours of
heating, SP S and SP M M A increase from -0.29 to 0 and from -0.26 to -0.1, respectively.
Since, in this period, the AuNRs still have an aspect ratio greater than one as seen by the
separation of the peaks in Figure 4.6A, the increasing order parameters can be interpreted
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as the reorientation of AuNRs after the PNCs are heated above the glass transition temperature. This result is significant because the rate of the reorientation is determined by the
rotational dynamics of the AuNRs within the polymer matrix. Thus, a systematic study
as a function of matrix molecular weight could be potentially used to determine the local
viscosity adjacent to the AuNRs. This idea will be explored in our future publications. In
the example provided here, the PS/PS film shows a slower reorientation time compared to
the PMMA/PS film, indicating that it has larger viscosity. This is consistent with slower
reshaping of the AuNRs in this matrix. More interestingly, while the SP S reaches zero after
5 hours of annealing, indicating isotropic distribution of the rods, the SP M M A plateaus at
a non-zero value of SP M M A = -0.1, which corresponds to a range of angles mostly between
30◦ ≤ θ ≤ 90◦ , meaning that while the AuNRs are more isotropic than the original state,
they still retain some in-plane ordering. Both films have similar initial thickness (65.5 nm
for PS/PS and 62.5 nm for PMMA/PS(2) films, respectively) and in both cases, the initial
size of the AuNRs are about half the film thickness, which cannot explain the observed
differences in the final anisotropy of the particles in the PMMA/PS(2) film compared to
the PS/PS sample. We hypothesize that the significant difference between SP S and SP M M A
after annealing for 5 hours originates from PMMA preferentially wetting the oxide layer of
the glass or Si, and thus the AuNRs coated with PS brush in the PMMA matrix preferentially segregate to the surface region as the nanocomposite is heated and therefore have a
smaller effective thickness range for rotation. No such energetic effects hinder the reorientation of AuNRs in a PS matrix, and thus the composite becomes more isotropic over short
annealing times.[46] This trend persists until the nanoparticles become isotropic spheres
after 24 hours where the order parameter becomes equal to zero. Ellipsometry spectra for
the reshaped samples are found in supporting information, Figure 4.13. This example shows
how the ellipsometry based birefringence measurements can allow studies of AuNRs in situ
under thermal annealing and elucidate subtle differences in conformation in various types
of polymer matrix. One can easily extend these studies to probe viscosity in PNCs for films
of various thicknesses and confine AuNRs in particular orientations. It is plausible that in
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much thinner films the motion of AuNRs would be hindered and thus the AuNRs would
remain mostly in-plane. These possibilities will be probed in our future publications.
As this example makes clear, one main advantage of using spectroscopic ellipsometry over
other methods, such as inferring data from SEM to define the orientation order parameter
of the AuNRs, is the fact that the effect of size heterogeneity of the particles, which grows
upon heating the system, is observed as broadening of the L-LSPR peak. However, until all
particles are converted to spheres, the anisotropy of the particles still generates a measurable
birefringence, which is observed as the difference between absorbance in- and out-of-plane
(Kz −Kxy ), and as such can be reliably measured independent of the L-LSPR peak position.
In contrast, the changes in size and orientation of particles in an SEM image become
increasingly hard to separate. The ability to separate the two phenomena, along with
ability to perform in situ experiments makes spectroscopic ellipsometry unique in its ability
to measure order in polymer nanocomposites.

4.6. Conclusions
Herein, we have reported on the utility of using spectroscopic ellipsometry for the characterization of polymer nanocomposites. We have shown that a single, quick spectroscopic
ellipsometry experiment can provide unique insight into the degree of anisotropy, average inplane ordering, and average tilt angle of AuNRs within a nanocomposite film. While samples
prepared by spin-coating appear to contain AuNRs uniformly horizontal within the plane of
the polymer matrix (as shown in the SEM image in Figure 4.2A), a combined approach with
ellipsometry and FDTD simulation show that the AuNRs are only mostly in-plane, with an
order parameter S = -0.32, and have tilt angles (θ) ranging from 30◦ < θ < 90◦ . Knowing
the orientation order and tilt angle of the AuNRs within a nanocomposite system greatly
improves our understanding of the optical properties of these films, and provides another
parameter through which the optical properties of the material can be tuned. Additionally,
ellipsometry can be used to measure the optical properties of nanocomposite films in different environments, such as high temperatures. The high temperature studies presented
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here show that the AuNRs undergo rapid reorientation before transforming into spherical
particles. This suggests that measuring the change in anisotropy of AuNRs through the
reorientation process can provide critical information about the dynamics of nanoparticle
rearrangement, and can potentially provide insights into the properties of the surrounding
polymer matrix, such as the relative value of the viscosity. Furthermore, due to the wide
range of physical parameters that can be determined using only this single method and the
rapid nature of the data collection, this technique could be easily customizable for mass
production methods.

4.7. Supporting Information
Sample
Matrix Polymer
Brush Polymer
Percent Loading
Initial
Film
Thickness
(nm)
S (Initial)
Film
Thickness After 5 hr
at 473 K (nm)
S (after 5hrs at
473 K)
Film
Thickness After 24
at 473 K (nm)
Relevant Figure numbers

PS/PS
PS, Mn
kg/mol
PS, Mn
kg/mol
4%

PMMA/PS
PMMA, Mn = 1.1
kg/mol
PS, Mn = 11.5
kg/mol
4%

PMMA/PS(2)
PS, Mn
= 5.3
kg/mol
PS, Mn = 11.5
kg/mol
4%

65±0.2

73±0.2

62±0.2

-0.29 at 742 nm
65±0.2

-0.32 at 747 nm
N/A

-0.26 at 722 nm
62±0.2

0 at 629 nm

N/A

-0.1 at 615 nm

55±0.2

N/A

62±0.2

4.6, 4.10, 4.11, and
4.13, 4.14

4.1-4.5, 4.7, 4.9, and
4.12

4.6 and 4.13, 4.14

=
=

5.3
11.5

Table 4.1: Details of the Polymer/AuNR nanocomposite samples. Reproduced from Ethan
C. Glor, Robert C. Ferrier, Jr., Chen Li, Russell J. Composto and Zahra Fakhraai. Outof-plane orientation alignment and reorientation dynamics of gold nanorods in polymer
nanocomposite films. Soft Matter, 2017, 13, 2207-2215. with permission from the Royal
Society of Chemistry.

108

Figure 4.7: A) Large area SEM image of the PMMA/PS sample with 4% loading of AuNRs.
B) Histogram of AuNR in-plane angles (φ) where at 90◦ the AuNR is pointing directly in the
y direction and at 0◦ the AuNR is pointing in the X direction. The histogram shows uniform
in-plane orientation of the rods. Reproduced from Ethan C. Glor, Robert C. Ferrier, Jr.,
Chen Li, Russell J. Composto and Zahra Fakhraai. Out-of-plane orientation alignment and
reorientation dynamics of gold nanorods in polymer nanocomposite films. Soft Matter, 2017,
13, 2207-2215. with permission from the Royal Society of Chemistry.

4.7.1. Ellipsometry Details
The measured ellipsometry parameter profiles (Ψ(λ) and ∆(λ)) were used to obtain the
optical constants of the composite film through several fitting procedures using a two-layer
model. A Cauchy model with known coefficients for BK7 glass was used for the substrate
layer. (Glass, instead of silicon, was used for ellipsometry measurements to prevent the
scattering from nanorods being masked by substrate reflection.) For the composite layer,
all fits began with fitting the transparent region of the composite film (1000-1600 nm) to the
Cauchy equation n(λ) = A+ λB2 + λC4 in order to characterize the thickness of the film, which
was determined to be 73 nm for a nanocomposite film of AuNRs grafted with 11 kg/mol
PS in a 1 kg/mol PMMA film. Fitting this region allows us to fit the thickness of the
film independently of the plasmon excitations of the nanorods. Then, the fit was extended
to lower wavelengths, where the material is absorbing through an isotropic wavelength-bywavelength, which was set to be Kramers-Kronig consistent.[93] This brute force method
fits an independent value for the complex dielectric constant at each wavelength. To reduce
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the number of independent variables and fit the optical constants of the nanocomposite
film, the L-LSPR and T-LSPR resonances were fit with a series of oscillators.
It was observed that a number of five Gaussian oscillators were required to accurately
represent the dielectric constants (parameters detailed in table S1). The five oscillators can
generally be split into two categories, three that fit the L-LSPR and T-LSPR peaks, and
two that fit the general properties of gold at low wavelengths (λ < 500 nm). The L-LSPR
peak is naturally broad due to the size distribution of the nanorods, and thus this peak
was fit with two Gaussian oscillators. The T-LSPR is much weaker, so it was fit with a
single Gaussian oscillator with a large breadth in order to encompass the size distribution
of the width of the nanorods. One could stop here. The difference between the isotropic
and anisotropic fit in Figure 4.10 is an example of a three oscillator fit, which can show a
drastically increased fit quality upon the addition of anisotropy. This is sample dependent,
however. If there happens for whatever reason to be a weaker signal, then the T-LSPR
can merge into the general optical properties of gold at wavelengths λ < 500 nm. When
this happens, the T-LSPR peak broadens and interferes with the fit for the L-LSPR. This
can result in unphysical fits (ie. Oscillators with unreasonable parameters or unphysical
anisotropy results).
To avoid this problem, two additional oscillators were added to each fit to describe the
general optical properties of gold at λ < 500 nm. While we have limited sensitivity when
λ < 450 nm, the addition of these oscillators leaves the oscillators representing the L-LSPR
modes unperturbed when anisotropy is added to the model. To avoid over fitting the data
upon the addition of anisotropy, the two oscillators at λ < 500 nm (including the T-LSPR)
were locked to their isotropic values. An anisotropic fit with the five oscillator model does
not show as large a decrease in MSE in comparison to the isotropic fit, but the fit still
improves by more than 15% for every sample, signifying a real change in the fit quality.
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Oscillator Type
Gaussian
Gaussian
Gaussian
Gaussian
Gaussian

Amplitude
0.128361
0.175989
0.079855
0.046290
0.037028

Breadth
0.2898
0.2231
1.1096
0.5333
0.2484

Energy (eV)
1.709
1.654
2.164
3.001
3.296

Wavelength (nm)
725
750
573
413
376

Table 4.2: Oscillator Parameters For the Fit in Figure 2. Reproduced from Ethan C.
Glor, Robert C. Ferrier, Jr., Chen Li, Russell J. Composto and Zahra Fakhraai. Outof-plane orientation alignment and reorientation dynamics of gold nanorods in polymer
nanocomposite films. Soft Matter, 2017, 13, 2207-2215. with permission from the Royal
Society of Chemistry.

4.7.2. Simulation Description
Finite-difference time-domain (FDTD) simulations were performed using the commercial
software Lumerical FDTD Solutions (Version 8.11). Details in the simulation setup have
been described in our previous publications.[79, 176] In a typical simulation, a single AuNR
was modeled as cylinder with two semi-spherical ends, with a refractive index profile of gold
obtained from the CRC Handbook of Chemistry & Physics.[80] The length and diameter of
the rod was extracted from SEM images and set to 34 nm and 12 nm, respectively. The size
was verified by comparing the simulated far-field extinction spectrum with the experimental
UV-Vis results. The model was then excited by a 1.33 fs broadband total-field scatter-field
(TFSF) pulse source of unit amplitude with a background index of 1.49, mimicking the
PMMA matrix, and perfectly matched layer (PML) boundary conditions in all dimensions.
The simulated frequency-domain electric near-field distribution was used to calculate the
induced dipole moment p and the corresponding polarizability according to the following
equation, where E0 and nb are the incident electric field and background refractive index,
respectively[161]:
p = αE0 =

i
ω

Z

0 (n2 − n2b )EdV

(4.6)

Under the dipole approximation, the calculated single rod polarizability can be used to
describe the effective refractive index of a composite with a uniform orientation of nanorods,
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using the Clausius-Mossotti relation where N is the number density of dipoles[91]:

nef f =

1+
1−

2N
30 α
N
30 α

!1

2

(4.7)

As shown in Figure 4.7, two effective index values, one each for the L-LSPR (nl = NL−LSP R +
iKL−LSP R and nt = NT −LSP R + iKT −LSP R ) modes can be calculated from the above
method using near-field data under incident polarization parallel and perpendicular to the
rod, respectively, and assuming an average dipole number density of N = 1/(60)3 nm− 3.
The effective indices were used to calculate the effective uniaxial birefringent optical properties, given the fact that the rods demonstrate a random in-plane orientation and a relatively
small out-of-plane tilt. Details of this method will be published elsewhere. Under oblique

Figure 4.8: Effective refractive index calculations for L-LSPR (a) and T-LSPR (b) modes
based on FDTD simulation of a single AuNR and Clausius-Mossotti relation. Insets show
the near-field intensity distribution around the modeled AuNR at the resonance wavelength
(764 nm for L-LSPR and 520 nm for T-LSPR) with corresponding incident polarization
directions. Reproduced from Ethan C. Glor, Robert C. Ferrier, Jr., Chen Li, Russell
J. Composto and Zahra Fakhraai. Out-of-plane orientation alignment and reorientation
dynamics of gold nanorods in polymer nanocomposite films. Soft Matter, 2017, 13, 22072215. with permission from the Royal Society of Chemistry.
incidence, a composite medium with a uniform AuNR orientation can be calculated as
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follows, where is the angle between a rod and the incident electric field:
sin2 α cos2 α
1
+
=
n2
n2l
n2t

(4.8)

Then the uniaxial refractive indices of the actual composite can be calculated as an average
over a specific range of angles. It should be noted that the angle between the rod orientation
and incident electric field can be related to the angle θ between the rod orientation and the
composite film surface normal (ẑ by cos α = sin θ sin φ for the in-plane incident polarization
(y-polarization was assumed since in-plane orientation is arbitrary) and α = θ for the outof-plane incident polarization, where φ is the angle between the x axis and the xy-plane
projection of the rod orientation. The effective refractive indices can then be calculated as:
1
h1 − sin2 θ sin2 φi hsin2 θ sin2 φi
=
+
n2xy
n2l
n2t
1
hcos2 θi hsin2 θi
=
+
n2z
n2l
n2t

(4.9)
(4.10)

More detailed analysis of the effective-medium calculations are outside the scope of this
paper will be presented in our future publications.
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Figure 4.9: a) Ellipsometric angles Ψ (red) and ∆ (green) data vs. wavelength for a
nanocomposite of AuNRs grafted with 11 kg/mol PS in a 1 kg/mol PMMA matrix at
five angle of incidence (50◦ , 55◦ , 60◦ , and 65◦ , and 70◦ degrees), along with the corresponding two-layer isotropic model (black dashed line) used to simultaneously fit to all data
points for both Ψ and ∆ in the wavelength range of 400-1600 nm. The data in the range
of 1000 nm - 1600 nm was fit to a transparent Cauchy model. The fit was then extended
to lower wavelength range (1000 nm down to 400 nm) using a Kramers-Kronig consistent
model. b) The resulting calculated real (0 , red line) and imaginary (00 , green line) parts
of dielectric permittivity as a function of wavelength. The gray curves represent the five
Gaussian oscillators used to determine 00 (green line), while 0 (red line) was determined via
a Kramers-Kroning transformation of the determined 00 . Reproduced from Ethan C. Glor,
Robert C. Ferrier, Jr., Chen Li, Russell J. Composto and Zahra Fakhraai. Out-of-plane
orientation alignment and reorientation dynamics of gold nanorods in polymer nanocomposite films. Soft Matter, 2017, 13, 2207-2215. with permission from the Royal Society of
Chemistry.
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Figure 4.10: a) Ellipsometric angles Ψ (red) and ∆ (green) data vs. wavelength for a
nanocomposite of AuNRs grafted with 11 kg/mol PS in a 1 kg/mol PMMA matrix at five
angle of incidence (50◦ , 55◦ , 60◦ , and 65◦ , and 70◦ degrees), along with the corresponding
two-layer isotropic model (black dashed line) used to simultaneously fit to all data points
for both Ψ and ∆ in the wavelength range of 400-1600 nm. The data in the range of
1000 nm - 1600 nm was fit to a transparent Cauchy model. The fit was then extended
to lower wavelength range (1000 nm down to 400 nm) using a Kramers-Kronig consistent
model. b) The resulting calculated real (0 , red line) and imaginary (00 , green line) parts
of dielectric permittivity as a function of wavelength. The gray curves represent the five
Gaussian oscillators used to determine 00 (green line), while 0 (red line) was determined
via a Kramers-Kroning transformation of the determined 00 . Reproduced from Ethan C.
Glor, Robert C. Ferrier, Jr., Chen Li, Russell J. Composto and Zahra Fakhraai. Outof-plane orientation alignment and reorientation dynamics of gold nanorods in polymer
nanocomposite films. Soft Matter, 2017, 13, 2207-2215. with permission from the Royal
Society of Chemistry.
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Figure 4.11: A Nanocomposite of AuNRs in a 73 nm thick 5 kg/mol PS matrix characterized by A) SEM imagine B) Cluster Analysis C) Optical absorption spectroscopy, and D)
Ellipsometry. Reproduced from Ethan C. Glor, Robert C. Ferrier, Jr., Chen Li, Russell J.
Composto and Zahra Fakhraai. Out-of-plane orientation alignment and reorientation dynamics of gold nanorods in polymer nanocomposite films. Soft Matter, 2017, 13, 2207-2215.
with permission from the Royal Society of Chemistry.
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Figure 4.12: Ellipsometry fits of AuNRs in a 73 nm 1 kg/mol PMMA for A) and Isotropic
fit with an MSE of 4.1 and B) An anisotropic fit with an MSE of 1.3. The incident angles of
Ψ(λ) and ∆(λ) are labeled by red and black numbers, respectively. All fits began with the
transparent region (1000-1600 nm) being fit to the Cauchy equation n(λ) = A + λB2 + λC4 in
order to characterize the thickness of the film. Then, the fit was extended through the rest
of the spectral range with an isotropic wavelength-by-wavelength B-Spline fit. The resulting
optical constants were then parameterized to a series of oscillators. Anisotropy was added
to the model after the oscillators were parameterized in the manner mentioned above.
Reproduced from Ethan C. Glor, Robert C. Ferrier, Jr., Chen Li, Russell J. Composto
and Zahra Fakhraai. Out-of-plane orientation alignment and reorientation dynamics of
gold nanorods in polymer nanocomposite films. Soft Matter, 2017, 13, 2207-2215. with
permission from the Royal Society of Chemistry.
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Figure 4.13: Anisotropic absorbance spectra of A) a 62 nm nanocomposite of AuNRs grafted
with 11 kg/mol PS in a 1 kg/mol PMMA matrix and B) a 55 nm nanocomposite of AuNRs
grafted with 11 kg/mol PS in a 5 kg/mol PS matrix, after being annealed at 493 K for 26
hours. Reproduced from Ethan C. Glor, Robert C. Ferrier, Jr., Chen Li, Russell J. Composto and Zahra Fakhraai. Out-of-plane orientation alignment and reorientation dynamics
of gold nanorods in polymer nanocomposite films. Soft Matter, 2017, 13, 2207-2215. with
permission from the Royal Society of Chemistry.
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Figure 4.14: SEM image of the nanocomposite samples after annealing at 473 K for 5
hours (A, B) and 24 hours (C, D) for the PS/PS (left column) and PS/PMMA (2) (right
column) samples. The AuNRs have mostly converted to spheres, and are well dispersed
in the sample. Reproduced from Ethan C. Glor, Robert C. Ferrier, Jr., Chen Li, Russell
J. Composto and Zahra Fakhraai. Out-of-plane orientation alignment and reorientation
dynamics of gold nanorods in polymer nanocomposite films. Soft Matter, 2017, 13, 22072215. with permission from the Royal Society of Chemistry.

Figure 4.15: SEM image of PS grafted AuNRs on baser silicon, used to calculate the size
distribution of the particles. Reproduced from Ethan C. Glor, Robert C. Ferrier, Jr.,
Chen Li, Russell J. Composto and Zahra Fakhraai. Out-of-plane orientation alignment and
reorientation dynamics of gold nanorods in polymer nanocomposite films. Soft Matter, 2017,
13, 2207-2215. with permission from the Royal Society of Chemistry.
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CHAPTER 5 : Multipole Analysis of Optical Magnetism in Raspberry-like
Metamolecules
Nanoparticle assemblies represent another type of disordered nanoparticle ensembles, where
building blocks of simple shapes and similar sizes are randomly closely packed on a single
particle level as a cluster. Each nanocluster can be viewed as a single plasmonic particle
with abnormal effective bulk optical properties, as a result of the response exhibiting strong
optical coupling effect between the building blocks. Such nanoparticle assemblies are termed
metamolecules in the case where the effective property cannot be observed from particles
with a homogeneous composition and structure.
In the following three chapters, a type of such nanoparticle assemblies termed the raspberrylike metamolecules (RMMs) will be studied. The structure of a typical RMM features a
large number of closely packed gold nanobeads around a dielectric core and thus exhibit
a far-field response of a broad resonance profile with multiple spectral features. Generally
speaking, effective medium analysis from properties of a single building block, as seen in
the previous chapter, becomes ineffective as the coupling strength increases in such assemblies. In the work presented, multipole expansion beyond the dipole resoance mode will
be extensively used to describe the abnormal optical properties of a single metamolecule,
such as the artificial magnetism at optical frequencies. Formation mechanism and dependence on internal metamolecule structures will be investigated using analytical methods.
Application of the strong optical coupling effect in such particles will also be demonstrated
and evaluated. Experimental characterization and application beyond molecular sensing or
spectroscopy for an ensemble of such metamolecules as an effective medium proves especially challenging as the assembly size becomes comparable to the incident wavelength, and
as the higher ordered resonance becomes more lossy. In the next chapter, several potential
strategies will be discussed to overcome such challenges in order to broaden the application
of these metamolecules.
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The following content of this chapter is reprinted with permission from Zhaoxia Qian, Simon
P. Hastings, Chen Li, Brian Edward, Christine K McGinn, Nader Engheta, Zahra Fakhraai,
and So-Jung Park. Raspberry-like metamolecules exhibiting strong magnetic resonances.
ACS Nano, 2015, 9 (2), pp 1263-1270. Copyright 2015 American Chemical Society.

5.1. Abstract
We report a synthetic approach to produce raspberry-like plasmonic nanostructures with
unusually strong magnetic resonances, termed raspberry-like metamolecules (raspberryMMs). The synthesis based on the surfactant-assisted templated seed-growth method allows
for the simultaneous one-step synthesis and assembly of well-insulated gold nanoparticles.
The aromatic surfactant used for the syntheses forms a thin protective layer around the
nanoparticles, preventing them from touching each other and making it possible to pack
discrete nanoparticles at close distances in a single cluster. The resulting isotropic gold
nanoparticle clusters (i.e., raspberry-MMs) exhibit unusually broad extinction spectra in the
visible and near-IR region. Finite-difference time-domain (FDTD) modeling showed that
the raspberry-MMs support strong magnetic resonances that contribute significantly to the
broadband spectra. The strong magnetic scattering was also verified by far-field scattering
measurements, which show that in the near-IR region the magnetic dipole resonance can
be even stronger than the electric dipole resonance in these raspberry-MMs. Structural
parameters such as the size and the number of gold nanoparticles composing raspberryMMs can be readily tuned in our synthetic method. A series of syntheses with varying
structure parameters, along with FDTD modeling and mode analyses of corresponding
model structures, showed that the close packing of a large number of metal nanoparticles in
raspberry-MMs is responsible for the unusually strong magnetic resonances observed here.

5.2. Introduction
Coupling of the magnetic field of light with matter can enable unprecedented control and
manipulation of light-matter interactions.[165, 195] It has been proposed that subwavelength
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metal nanoparticles arranged into a two-dimensional ring structure or three-dimensional
clusters can support magnetic resonances at optical frequencies.[14] This unusual property of
metal nanoparticle clusters, which are often termed metamolecules, has stimulated exciting
new applications such as plasmonic cloaking,[36] superlenses,[33] and enhanced nonlinear
optical properties.[17]
The majority of the effort in this area thus far has been focused on two-dimensional arrays
fabricated by lithographic techniques[195] or by the assembly of presynthesized nanoparticles on solid substrates.[54, 226, 183, 22] Compared to such two-dimensional structures,
three-dimensional clusters fabricated by solution chemistry are advantageous, as they can
be produced in large quantities at low cost and are compatible with solution processing
for the fabrication of metamaterials. In addition, isotropic metal nanoparticle clusters
prepared by solution phase methods show orientation-independent optical and magnetic
responses, which are difficult to achieve in lithographically fabricated structures. Recently,
several approaches have been reported for three-dimensional clusters of metal nanoparticles
showing magnetic resonances.[120, 112, 184, 144, 209, 163] For example, Urban et al. reported the fabrication of three-dimensional gold nanoparticle clusters by the self-assembly
of polystyrene-grafted gold nanospheres and an amphiphilic polymer, polystyrene-blockpoly(acrylic acid) (PS-b-PAA).[209] In another example, Sheikholeslami et al. fabricated a
shell-type metamolecule by assembling silver nanoparticles around a polystyrene (PS) core
through streptavidin-biotin interactions.[184] The main challenge in realizing stronger magnetic resonances in such nanoparticle clusters is to further reduce the interparticle distance
while simultaneously preventing the particles from contacting each other, which is difficult
to achieve through typical self-assembly routes.
In this article, we report a new synthetic approach to prepare isotropic shell-type gold
nanoparticle clusters exhibiting strong magnetic resonances. Our synthetic method, which
is based on the templated surfactant-assisted seed-growth method, allows for in situ formation and assembly of gold nanobeads and yields raspberry-like structures where gold
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nanobeads are closely packed with only a few nanometers of separation (Figure 5.1A).
The aromatic surfactant used in the synthesis acts as an effective dielectric coating on
gold nanobeads and prevents them from contacting each other. The resulting nanoparticle clusters, which are termed here raspberry-like metamolecules (raspberry-MMs), showed
unusually strong magnetic resonances, yielding broad extinction spectra in the visible and
near-IR region. The strength of the magnetic dipole resonance in the raspberry-MMs increases with the size and the number of gold nanobeads in the assembly. Both experimental
data and finite-difference time-domain (FDTD) simulations show that the magnetic dipole
resonance can be even stronger than the electric dipole resonance in large raspberry-MMs.
In addition, mode analyses revealed that the large raspberry-MMs may also support magnetic quadrupole resonances, which has not been previously observed in other colloidal
systems. These results demonstrate that the synthetic method described here provides an
unparalleled ability to closely pack large numbers of well-insulated plasmonic nanobeads,
which is the key requirement for the fabrication of metamolecules showing strong magnetic
resonances in the visible and near-IR region.[14]

5.3. Results and Discussion
5.3.1. Colloidal Synthesis and Characterization of Raspberry-MMs
The raspberry-MMs were synthesized by a templated surfactant-assisted seed-growth method
as schematically described in Figure 5.1A. Briefly, a solution of PS cores decorated with
silver seeds (seed solution) was mixed with a growth solution containing an aromatic surfactant, benzyl dimethyl hexadecyl ammonium chloride (BDAC), HAuCl4 , silver nitrate, and
ascorbic acid (Figure 5.1A). This procedure is similar to our previously reported method
used to produce spiky nanoshells[176, 79] except that BDAC is used instead of cetyltrimethylammonium bromide (CTAB) as a surfactant. The synthetic method results in a raspberrylike structure composed of a PS core decorated with a large number of gold nanobeads
(Figure 5.1B, Figures 5.6 and 5.7) in nearly 100% yield without any gold particles detached from PS cores. The gold nanobeads composing the raspberry-MMs maintained
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their discrete structure without fusing together. In comparison, nanoshells synthesized
with alkyl surfactants such as cetyltrimethylammonium chloride (CTAC) instead of BDAC
formed fused nanoshells.[176] This result indicates that BDAC can form an efficient protecting layer on gold nanobeads.[146] Note that the key requirement in fabricating plasmonic
three-dimensional metamolecules with strong magnetic resonances is to closely pack metal
nanoparticles in a circular geometry without making contacts.[14] The discrete nature of
gold nanobeads in the clusters synthesized here was further confirmed by replacing the
BDAC coating with thiolated polyethylene glycol (PEG) (MW = 5000 g/mol) and then
dispersing the raspberry-MMs in ethanol. This procedure increased the distance between
gold nanobeads due to the swelling of PEG in ethanol as shown in Figure 5.1C and schematically depicted in Figure 5.1A (black box). The loosely bound nanobead network (Figure
5.1C) was then broken apart into individual nanobeads by sonication (Figure 5.10). This
observation confirms that tightly packed gold nanobeads in the raspberry-MM are not in
physical contact, as they are well-protected by the BDAC layers. In addition, this disassembly procedure allowed us to analyze the size, number, and shape of the beads in great
detail. The beads were predominantly spherical or quasi-spherical in shape with a few triangular and rod-like structures (Figure 5.1C). The structural parameters obtained from the
measurements are listed in Table 5.1.
The raspberry-MMs exhibited broadband extinction spectra covering from 500 nm to over
1200 nm with distinct resonance peaks at 658, 943, and 1222 nm (Figure 5.1D, cyan).
The disassembled Au beads, on the other hand, showed an SPR band at 552 nm (Figure
5.1D, red), which is slightly red-shifted compared to the SPR band position (526 nm) of
isolated spherical nanoparticles of similar size in ethanol.[153, 201] This slight red-shift
and the tail in the longer wavelength region (Figure 5.1D, red) are probably due to some
remaining small clusters of gold nanobeads.[187] Nonetheless, the extinction spectra and
TEM measurements as well as the red color of the disassembled sample (Figure 5.1D, inset)
confirm that most Au beads maintain well-isolated structures in raspberry-MMs. It is also
important to note that PEG-modified raspberry-MMs incubated in ethanol (Figure 5.1C)
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showed an extinction spectrum (Figure 5.1D, black) close to that of isolated gold nanobeads
(Figure 5.1D, red), indicating that the short interparticle distance in raspberry-MMs is an
important contributing factor to the broad extinction spectrum of raspberry-MMs (Figure
5.1D, cyan).

Figure 5.1: (A) Schematic description of the synthesis of raspberry-MMs by the templated
surfactant-assisted seed-growth method and the disassembly procedure used to separate the
Au nanobeads from the PS template. The large gray spheres, small blue spheres, and golden
yellow spheres represent PS cores, silver seeds, and gold nanobeads, respectively. (B) SEM
image of a typical raspberry-MM sample (MM 1) prepared with a PS template with the
diameter of 184 ± 9 nm. Detailed synthetic conditions and size parameters are shown in
Table 1. (C) Typical TEM images of the PEG-grafted raspberry-MMs redispersed in ethanol
for 2 h. (D) UV-vis spectra of the raspberry-MMs shown in B (cyan), the swollen assemblies
shown in C (black), and the disassembled nanoparticles obtained by 2 h sonication of the
sample in C (red). See Figure 5.10 for the TEM image of disassembled nanoparticles. The
inset is a picture of the raspberry-MM shown in B (right) and the dissembled structure after
sonication (left). Reprinted with permission from Zhaoxia Qian, Simon P. Hastings, Chen
Li, Brian Edward, Christine K McGinn, Nader Engheta, Zahra Fakhraai, and So-Jung
Park. Raspberry-like metamolecules exhibiting strong magnetic resonances. ACS Nano,
2015, 9 (2), pp 1263-1270. Copyright 2015 American Chemical Society.
5.3.2. Optical Properties of Raspberry-MMs with Varying Structural Parameters
It is well known that the optical properties of metallic nanoparticle clusters are strongly
dependent on the size and the number of particles composing the clusters as well as interparticle distance.[187, 103] In the synthetic method presented here, those parameters can
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Table 5.1: Synthetic conditions and size parameters of raspberry-MMs presented in Figures
5.1-5.5a . Reprinted with permission from Zhaoxia Qian, Simon P. Hastings, Chen Li,
Brian Edward, Christine K McGinn, Nader Engheta, Zahra Fakhraai, and So-Jung Park.
Raspberry-like metamolecules exhibiting strong magnetic resonances. ACS Nano, 2015, 9
(2), pp 1263-1270. Copyright 2015 American Chemical Society.
samples
experimental parameters
simulation parameters
figure sample Vseed Dcore
Nbead
Rbead
DRM M Dcore Nbead Rbead DRM M
no.
no.
/µL /nm
/nm
/nm
/nm
/nm /nm
1B
MM 1 35
184 ±9 >400
14.8±5.0 337±4 184 800b 14
340
2B
MM 2 70
94.5±7.2 93±10 11.8±2.8 164±14 96
100 12
161
2C
MM 3 50
94.5±7.2 104±21 13.8±3.2 176±14 96
100 13
175
2D
MM 4 35
94.5±7.2 98±10 16.3±3.8 198±14 96
100 16
195
2E
MM 5 20
94.5±7.2 97±15 19.4±5.4 228±23 96
100 19
230
c
3B
MM 6 35
56.4±6.4 71±6
15.4±4.2 151±13 56
70
11
126
3D
MM 7 110 184±9
>400
12.5±2.1 290±16 184 800b 11
287
a Vseed : volume of seed solution mixed with 10 mL of growth solution; Dcore : diameter of PS
core; Rbead : radius of Au nanobeads; Nbead : the number of Au nanobeads in each raspberryMM; DRM M : diameter of raspberry-MMs. Size parameters used in FDTD simulations are
also given along with experimental parameters.
b The number of beads used in the simulation was chosen to match the overall size of the
actual raspberry-MMs with that of the model structure.
c For MM 6, a smaller bead diameter was necessary to reproduce the experimental spectrum.
This is probably due to the lower packing density of nanobeads in the experimental structure
compared to the simulation model for raspberry-MMs synthesized on small-sized cores.
be readily controlled. Figure 5.2 presents SEM images and extinction spectra of a series of
raspberry-MMs composed of different sized Au beads fabricated on 94.5 nm PS cores (see
Figure 5.8 for TEM images). The average number of beads was kept constant at about
100 (Figure 5.11) for all four samples (Table 5.1). The radius of the beads was increased
from 11.8±2.8 nm to 19.4±5.4 nm by adjusting the volume ratio between the seed and the
growth solution (Vseed /Vgrowth ) (Figure 5.2). All four clusters showed broadband extinction
spectra (Figure 5.2F, top) composed of mainly two peaks, covering the visible and near-IR
region. The long-wavelength peak red-shifted and the overall bandwidth became broader
with increasing Au bead sizes.
Finite-difference time-domain modeling (Lumerical Solutions, Inc.) was carried out to investigate the broad profile of the extinction spectra (Figure 5.2F, bottom). To generate
realistic models of raspberry-MMs, a separate molecular dynamics simulation was used to
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randomly pack Au beads on the surface of a PS template (see Supporting Information section I for more details). Structural parameters such as the number of gold nanobeads, the
size of gold nanobeads, and the PS core diameter were chosen based on experimental values
(Table 5.1). All models were constructed with Au spheres coated with a 1 nm thick dielectric (Figure 5.2G), which generated nanoparticle clusters with the average nearest neighbor
bead-to-bead distance of about 2.0 nm (Figure 5.14); this is a reasonable number considering
the thickness of the BDAC layer (Figure 5.15). The coordinates of each nanobead obtained
from the molecular dynamics simulation were then imported into the Lumercial software
(Lumerical Solutions, Inc.) for FDTD modeling. The details of the FDTD modeling have
been reported in our earlier publications.[176, 79] Extensive tests were carried out to make
sure that the simulated results converge (Supporting Information, Figures 5.16, 5.17).
The spectroscopic features and major peak positions of simulated spectra (Figure 5.2F, bottom, Figure 5.18) exhibit similar profiles and trends to those of experimental spectra (Figure
5.2F, top), although fine features of sharp peaks in the simulated single-particle spectra are
smoothed and broadened in the experimental ensemble spectra. Because each raspberryMM should have slightly different structural parameters (e.g., the number of beads, the
size of beads, bead arrangements, interbead distances), the experimental ensemble spectra
are broader than the simulated spectra (Figure 5.19). Nonetheless, the general agreement
between the simulation and the experimental peak positions (as guided by the gray dashed
lines) indicates that the structural parameters used for these simulations are appropriate
and that the optical properties of raspberry-MMs can be effectively controlled by varying
the size of Au beads. The optical properties of raspberry-MMs can also be tuned by varying
the core diameter. Figure 5.3 shows the structure and extinction spectra of three different
raspberry-MMs prepared with different sized PS cores (56.4, 94.5, and 184 nm in diameter)
(see Figure 5.9 for TEM images). The radius of Au beads in the three clusters was kept
constant at about 13.2 nm (Table 5.1) by carefully adjusting Vseed/Vgrowth. The average
numbers of Au nanobeads on the 56.4 and 94.5 nm diameter PS core counted from TEM
images were 71±6 and 93±10, respectively (Table 5.1, Figures 5.11, 5.12). The average
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Figure 5.2: Raspberry-MMs composed of different sized Au beads. (A-E) Schematic description (A) and SEM images (B-E) of raspberry-MMs with increasing bead size. The
insets in B-D show the cross sections of corresponding models used in simulations. (G)
Model for the cluster shown in D used in FDTD simulations. (F) Experimental (top) and
simulated (bottom) extinction spectra of samples in B (MM 2 (Dcore = 96 nm, Nbead = 100,
Rbead = 12 nm), red), C (MM 3 (Dcore = 96 nm, Nbead = 100, Rbead = 13 nm), black), D
(MM 4 (Dcore = 96 nm, Nbead = 100, Rbead = 16 nm), blue), and E (MM 5 (Dcore = 96 nm,
Nbead = 100, Rbead = 19 nm), cyan). The synthetic conditions and structural parameters
are summarized in Table 5.1. Reprinted with permission from Zhaoxia Qian, Simon P.
Hastings, Chen Li, Brian Edward, Christine K McGinn, Nader Engheta, Zahra Fakhraai,
and So-Jung Park. Raspberry-like metamolecules exhibiting strong magnetic resonances.
ACS Nano, 2015, 9 (2), pp 1263-1270. Copyright 2015 American Chemical Society.
number of Au beads on the 184 nm core was estimated to be around 800 from the overall
size of the cluster, as it was difficult to accurately count the large number of beads for
the structure due to the overlap of beads around the PS core (Figure 5.13). The structure
parameters for the assemblies are provided in Table 5.1.
The smallest raspberry-MMs exhibited a major peak at 629 nm and a shoulder at 740
nm (Figure 5.3E, top, black). The medium-sized raspberry-MMs showed similar spectral
features, but the long-wavelength peak slightly red-shifted to 743 nm, and its intensity
increased and became comparable to that of the 629 nm peak (Figure 5.3E, top, red). In
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the largest raspberry-MMs, the spectrum became much broader with three major peaks
(Figure 5.3E, top, blue). In general, the extinction spectra of the raspberry-MMs became
broader and extended further into the near-IR region with increasing overall size of the
assemblies (Figure 5.3E, top).
The calculated spectrum of the small raspberry-MM model (MM 6) shows a main peak at
595 nm and weaker peaks on the long-wavelength shoulder, which drops quickly at 733 nm
(Figure 5.3E (bottom, black), Figure 5.20). The simulated spectrum of the medium-sized
raspberry-MM (MM 2) exhibits similar features to that of the small raspberry-MM, but the
long-wavelength peak shows a slight red-shift and significantly increased intensity (Figure
5.3E, bottom, red). This spectral trend is consistent with the experimental results as
indicated with gray dashed lines (Figure 5.3E, top). The simulated spectrum for the large
raspberry-MM (MM 7) exhibits further red-shifts and spectral broadening (Figure 5.3E
(bottom, blue), Figure 5.20), again consistent with the trend observed in the experimental
spectra (Figure 5.3E, top). In general, the main features and trends in the simulated spectra
(Figure 5.3E, bottom) agree fairly well with the experimental spectra (Figure 5.3E, top),
with both simulation and experimental data showing red-shifts and spectral broadening
with increasing sizes of the assemblies.
5.3.3. Mode Analyses
In order to understand the origin of the unusually broadband extinction of raspberry-MMs,
the scattering, absorption, and extinction cross sections were calculated (Figure 5.4A) for
a model raspberry-MM shown in Figure 5.1B, and the scattered field was resolved into
the contributions of different electric and magnetic modes[206](Figure 5.4B; see Supporting
Information for more details). The peak positions of the calculated extinction spectrum
(Figure 5.4A, blue) are consistent with those of the experimental spectrum (Figure 5.4A,
cyan), covering a broad spectral range from 500 nm to over 1200 nm with a somewhat higher
intensity in the near-IR region than that in the visible region. The extinction between 500
and 878 nm arises from both absorption and scattering, while scattering dominates the
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Figure 5.3: Raspberry-MMs formed with different sized cores. (A-D) Schematic description
(A) and SEM images (B-D) of raspberry-MMs formed with different-sized cores (B: MM 6
(Dcore = 56 nm, Nbead = 70, Rbead = 11 nm), C: MM 2 (Dcore = 96 nm, Nbead = 100, Rbead
= 12 nm), D: MM 7 (Dcore = 184 nm, Nbead = 800, Rbead = 11 nm)). The insets in B-D
show the cross sections of corresponding models used in the simulation. Detailed structural
parameters are given in Table 5.3 along with the synthetic condition. (E) Experimental
(top) and simulated (bottom) extinction spectra of samples in B (black), C (red), and
D (blue). Reprinted with permission from Zhaoxia Qian, Simon P. Hastings, Chen Li,
Brian Edward, Christine K McGinn, Nader Engheta, Zahra Fakhraai, and So-Jung Park.
Raspberry-like metamolecules exhibiting strong magnetic resonances. ACS Nano, 2015, 9
(2), pp 1263-1270. Copyright 2015 American Chemical Society.
spectrum at wavelengths longer than 878 nm (Figure 5.4A).
The scattering cross section of a large raspberry-MM was decomposed into individual multipole components by projecting the FDTD-generated scattered field onto a vector spherical
harmonic expansion (see Supporting Information for details). Figure 5.4B presents the calculated scattering cross section for the electric dipole, electric quadruple, electric octopole,
magnetic dipole, magnetic quadrupole, and magnetic octopole as well as the sum of the
six spectra. The sum of the component multipoles (Figure 5.4B, navy) matches well with
the total scattering spectrum calculated using FDTD (Figure 5.4B, brown), demonstrating
that these modes are enough to describe the far-field behavior.
The data presented in Figure 5.4B shows that the electric dipole and electric quadrupole
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modes are quite broad without distinct resonance peaks. This is due to the fact that the
structure is fairly heterogeneous and the nanobeads are not in contact with each other.[176]
In a previous study, we have shown that when gold nanoparticles decorating a polymer core
touch to form a full shell, the electric dipole resonance becomes strong and sharp.[176] In
the raspberry-MMs, where gold nanobeads on a PS core are not in contact, the electric
dipole (Figure 5.4B, black) and electric quadrupole (Figure 5.4B, red) scattering spectra
predominantly originate from many local dipolar oscillations on the single-particle level and
their interactions with each other. In contrast, distinct and strong resonances are observed
in the magnetic dipole (Figure 5.4B, cyan) and the magnetic quadrupole (Figure 5.4B, magenta) scattering spectra. The magnetic dipole resonance makes a significant contribution
to the longest wavelength scattering peak at 1207 nm (Figure 5.4B, cyan). Significantly,
the contribution of magnetic dipole resonance to the scattering at this wavelength is even
higher than that of the electric dipole scattering (Figure 5.4B). Furthermore, a distinct
magnetic quadrupole resonance is observed at 995 nm (Figure 5.4B, magenta). The intensity of higher order modes such as the electric octopole and the magnetic octopole is much
weaker than that of the lower order modes, confirming that the dipole and quadruple modes
dominate the scattering spectrum. The sum of all six modes is in excellent agreement with
the total simulated scattering cross section, indicating that mode mixing is also negligible
in the total scattering cross section of these structures.
5.3.4. Measurements of Electric and Magnetic Dipole Scattering
The existence of strong magnetic dipole scattering of these raspberry-MMs was also experimentally confirmed by measuring the electric dipole and magnetic dipole scattering spectra
of these particles at 90◦ scattering angle and at the polarization angles indicated in Figure
5.5A (see Supporting Information for detailed experimental setup (Figure 5.6)). The data
collected for MM 1 (Dcore = 184 nm, Nbead = 800, Rbead = 14 nm) are presented in Figure
5.5B. Additional experimental data for other raspberry-MMs as well as control experiments
on smooth nanoshells and nanospheres are shown in Figure 5.21 (extinction spectra) and
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Figure 5.4: Mode analyses of the extinction spectrum for a raspberry-MM. (A) Absorption, scattering, and extinction cross sections of a modeled raspberry-MM calculated with
experimentally obtained geometric parameters for raspberry-MMs shown in Figure 5.1B
(MM 1: Dcore = 184 nm, Nbead = 800, Rbead = 14 nm). The experimental extinction
spectrum is shown in cyan for comparison. The inset shows the cross section of the simulation model. (B) Calculated scattering cross section (σ) of different electric and magnetic
modes and their sum (Ed : electric dipole, Eq : electric quadrupole, Eo : electric octopole,
Md : magnetic dipole, Mq : magnetic quadrupole, Mo : magnetic octopole, Sum: sum of
the cross sections of all six calculated electric and magnetic modes). The total scattering
spectrum directly obtained by FDTD simulation (labeled as Total scat) is also presented for
comparison. Reprinted with permission from Zhaoxia Qian, Simon P. Hastings, Chen Li,
Brian Edward, Christine K McGinn, Nader Engheta, Zahra Fakhraai, and So-Jung Park.
Raspberry-like metamolecules exhibiting strong magnetic resonances. ACS Nano, 2015, 9
(2), pp 1263-1270. Copyright 2015 American Chemical Society.
Figure 5.22 (scattering at 90◦ angle) in the Supporting Information.
Significantly, the experimental data presented in Figure 5.5B show strong magnetic dipole
scattering that exceeds the scattering from the electric dipole in the near-IR region. The
magnetic and electric scattering spectra for 90◦ angle data collection were calculated for
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the MM 1 model and presented in Figure 5.5C for comparison. The calculated scattering
spectra show complicated spectral features with signs of interference. Much of the detailed
spectral features in the calculated spectra (Figure 5.5C) are washed out in the experimental
spectra (Figure 5.5B) due to the heterogeneity in the experimental structure and the ensemble averaging effect. Single-particle scattering measurements are required to accurately
correlate the experimental and calculated spectra and to understand the origins of the interesting interference patterns. Effort in this direction is under way. Nonetheless, it is clear
that both the calculated and experimental spectra show strong magnetic resonances with intensities comparable to or exceeding those of electric resonances. Indeed, the data presented
in Figure 5.5B confirm that the magnetic resonance modes make significant contributions
to the far-field scattering in the near-IR and the broad extinction of raspberry-MM. The
measured scattering intensity for the magnetic dipole already exceeds that of the electric
dipole at wavelengths over 850 nm (Figure 5.5B). Since the magnetic dipole peak is located
at 1200 nm in the simulated spectra (Figure 5.4, Figure 5.23, the magnetic dipole scattering
at that wavelength should be even stronger than the maximum value found in the range
measured in this study.
5.3.5. Origins of the Magnetic Dipole and Quadrupole Modes
For a nonmagnetic material, magnetic resonances can be created by resonating loops of
displacement current.[14] This can be achieved in closely packed subwavelength metallic
nanoparticles.[14] The boundary conditions at the surfaces of the nanoparticle dictate that
the direction of the electric field should always be normal to the surface of the particle.
Therefore, in circularly arranged nanoparticles, at each boundary the electric field rotates
slightly, leading to a full circulation of the lights electric field at a resonance around the
raspberry-MMs. This results in circularly rotating polarization currents that generate a
magnetic field normal to the plane of the nanoparticle cluster.[10, 13] This phenomenon
supports magnetic dipole resonances in the raspberry-MMs studied here. While the PS
core in raspberry-MMs does not significantly affect the optical responses of raspberry-MMs
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(Figure 5.24), the spherical shape of the core allows for the fabrication of isotropic clusters
of nanoparticles exhibiting angle-independent optical responses (Figure 5.25).
The experimental and simulation results presented in Figures 5.2 and 5.3 show that the
magnetic resonances become stronger as the cluster size becomes larger (Figure 5.26, Figure
5.4B), consistent with previous reports.[144, 143] The size of nanoparticle clusters can be
readily controlled in our synthesis method, as demonstrated in Figures 5.2 and 5.3, allowing
for the control of the strength and peak positions of magnetic resonances. While magnetic
dipole resonances have been previously observed in other nanoparticle clusters,[183, 22]
the raspberry-type assemblies studied here show unprecedentedly strong magnetic dipole
resonances due to the small interparticle distances as well as the large cluster size.
Magnetic quadrupole resonances in nanoparticle clusters can be potentially generated by
multiple loops of current that are separated enough to generate a phase difference between
them.[28] Note that the cross section of a magnetic quadrupole mode is typically very
weak, and it is challenging to fabricate nanoparticle clusters that can support magnetic
quadrupole modes by self-assembly routes. In our synthetic approach, multiple layers of gold
nanoparticles can be readily assembled on a PS core, where multiple closed current loops
can be generated with the necessary phase lag to support magnetic quadrupole resonances.
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Figure 5.5: Experimental measurements for the scattering from the electric and magnetic
dipoles induced in MM 1 (Dcore = 184 nm, Nbead = 800, Rbead = 14 nm). (A) Schematic
description of the measurement setup, showing the electric field, magnetic field, and the
propagation directions of the incident polarized laser beam. The polarization direction of
the incident and scattering electric field is indicated with α and β, respectively. The top
figure (α = 0◦ , β = 0◦ ) shows the geometry that leads to the electric dipole scattering
measurements, and the bottom figure (α = 90◦ , β = 90◦ ) shows the geometry required to
measure the magnetic dipole scattering. The gray box with golden yellow dots schematically
represents a raspberry-MM solution in a cuvette used for the measurement. (B) Measured
scattering intensity from the electric dipole (black curve) and magnetic dipole (red curve) at
described polarization directions. The gray area and red area represent the possible errors
due to background processes such as multiple scattering. These errors are measured by
the cross-polarization configuration (α = 0◦ , β = 90◦ for the electric dipole and α = 90◦ ,
β = 0◦ for the magnetic dipole). (C) Calculated scattering intensity from the electric
dipole (black curve) and magnetic dipole (red curve) of the model raspberry-MM at the
scattering angle of 90 with respect to the incident plane wave light source. Reprinted with
permission from Zhaoxia Qian, Simon P. Hastings, Chen Li, Brian Edward, Christine K
McGinn, Nader Engheta, Zahra Fakhraai, and So-Jung Park. Raspberry-like metamolecules
exhibiting strong magnetic resonances. ACS Nano, 2015, 9 (2), pp 1263-1270. Copyright
2015 American Chemical Society.
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5.4. Conclusions
In summary, we developed a synthetic approach to construct tightly packed isotropic raspberrylike metamolecules exhibiting strong magnetic resonances. The synthetic method presented
here simplifies the fabrication process, as it allows for one-pot in situ synthesis and assembly
of nanoparticles, where various structural parameters such as the size and the number of
Au beads can be readily controlled. The aromatic surfactant used here, BDAC, forms a
protective layer around the nanobeads, keeping the distance between them within a few
nanometers and maintaining their discrete nature in the clusters. This method generates
well-defined clusters of tightly packed, well-insulated nanoparticles with controlled aggregation number (i.e., size of clusters), leading to unprecedentedly strong magnetic dipole
resonances at optical frequencies, as is verified both experimentally and via FDTD simulations. The robustness and tunability of the synthetic method presented here and the strong
magnetic responses of resulting nanoparticle clusters can lead to large-scale manufacturing
and wide applications of magnetic metamaterials.

5.5. Methods
5.5.1. Syntheses of Raspberry-like Metamolecules
Isotropic raspberry-like metamolecules (raspberry-MMs) were synthesized by a modified
surfactant-assisted templated seed growth method.[176, 79, 175] Carboxylate-modified FluoSpheres (diameter: 60 nm, 100 nm, 200 nm, 4 wt % solids for 60 nm fluospheres, 2% wt
solids for 100 and 200 nm fluospheres, 100 µL) were mixed with an aqueous solution of
Ag(NH3 )2 + (0.01 M, 100 µL) for 30 min. Then the mixture was washed by centrifugation
at 16000 rpm for 30 min and redispersed in nanopure water. The same washing procedure
was repeated one more time, and the precipitates were redispersed in 500 µL of water. Then
an aqueous solution of freshly prepared NaBH4 (0.01 M, 100 µL) was added to the solution
with vigorous mixing. The seed solution was aged overnight and then centrifuged at 16000
rpm for 30 min. The precipitates were then redispersed in 5 mL of water. Typical growth
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solution was prepared by mixing aqueous solutions of BDAC (0.1 M, 10 mL), HAuCl4 (0.01
M, 421 µL), AgNO3 (0.01 M, 64 µL), and ascorbic acid (0.1 M, 67 µL), sequentially. Varying amounts of seed solution (35 to 110 µL, exact amount for each sample was provided
in the main text) were added to the growth solution (10 mL) followed by gentle mixing
(a few seconds). A bluish-green color started to develop after approximately 10 min, and
the reaction was completed in about 2 h. In order to examine the internal structure, synthesized raspberry-MMs were washed once by centrifugation at 3000 rpm for 10 min and
then resuspended in a 0.8 mg/mL thiolated-polyethylene glycol (PEG5000, Sigma-Aldrich)
aqueous solution and kept in the solution overnight. The solution was then centrifuged to
remove excess PEG, and the PEG-modified raspberry-MMs were redispersed and kept in
ethanol for at least 4 h before sonication.
5.5.2. Characterization of Raspberry-MMs
Transmission electron microscope (TEM) images were taken with a JEOL TEM-2010 at an
accelerating voltage of 200 kV. Energy-dispersive X-ray spectroscopy (EDX) measurements
were carried out using a JEOL 2010F at an accelerating voltage of 200 kV. Scanning electron microscope (SEM) images were taken with a Quanta 600 FEG Mark II SEM at an
accelerating voltage of 30 kV. An Agilent 8453 UV-visible spectrophotometer was used for
extinction spectra.

5.6. Supporting Information
5.6.1. Methods
Measurements of magnetic dipole and electric dipole scattering The instrument
set-up for scattering measurements is shown in Figure 5.1. The laser beam (supercontinuum
laser, Fianium SC450) was dispersed using an equilateral prism (Thorlabs PS853) and then
spectrally filtered using an iris. The prism and laser were mounted on a rotational stage
that was actuated using a stepper motor. Using a beam sampler (Thorlabs BSF10A) a
small portion of the beam was directed to a spectrometer (StellarNet Inc. GreenWave
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Radio Spectrometer), in order to tune and monitor the beam spectrum. The beam was
modulated at 1 kHz using a chopper (Thorlabs MC2000) and polarized using a Glan-Taylor
polarizer with an extinction ratio of 100,000:1 (Thorlabs GT10). The light was then focused
down toward a cuvette (Thorlabs CV10Q700F) containing the particle suspension, however,
along this path another beam sampler was placed, directing a portion of the energy to a
power meter (Thorlabs PM320E & S120C). A portion of the remaining light scattered off
of the particles and was collected by an imaging lens. Directly behind the lens was an
iris that limited the light to only the scattering that was approximately 5 degrees off of
normal to the 90 degree angle. Another polarizer was used to select the polarization of the
scattered light. An iris at the back focal plane of the imaging lens was used to spatially
block all light not originated from the particle suspension. The remaining light illuminated
a high speed detector (Thorlabs PDA36A). For each data collection run, the input and
output polarization angles were manually set. A home-built LabVIEW software program
was used to automate the data collection. To begin the data collection, the position of
the stepper motor controlling the angle of the prism was adjusted to yield the beginning
wavelength. The wavelength of maximum intensity passing through the iris at that given
angle and the reference power were both recorded within the LabVIEW program at each
stepper motor position. Additionally, an oscilloscope was used to obtain the signal from the
detector using a chopper as a trigger. The signal was averaged over 16 collections at 1 kHz
chopper frequency to remove the static background noise, and the amplitude of the signal
was recorded. The stepper motor then advanced to the next wavelength and the process
was repeated until the full spectrum was collected. The final result was corrected for slow
drifts in laser power levels by normalizing the 1 kHz detector signal by the power meter.
The incident power at both polarizations were calibrated by placing the detector assembly
in the beam path with no cuvette present, the lens removed, and the amplifier set to unity
gain. All other results were normalized by the appropriate incident power. Extinction measurements were collected with the detector assembly in the beam path with no lens and
unity amplification as in the calibration case. Because the polarizers could not be removed,
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Figure 5.6: Instrument setup for measuring scattering spectrum from colloidal suspensions.
Here α, α denote the polarization angle of the input and output polarizers, respectively. The
zero degree angle (0◦ ) means the polarization direction perpendicular to the optical table
while 90◦ means the polarization direction parallel to the optical table (i.e., perpendicular to
the incident light from the laser). Reprinted with permission from Zhaoxia Qian, Simon P.
Hastings, Chen Li, Brian Edward, Christine K McGinn, Nader Engheta, Zahra Fakhraai,
and So-Jung Park. Raspberry-like metamolecules exhibiting strong magnetic resonances.
ACS Nano, 2015, 9 (2), pp 1263-1270. Copyright 2015 American Chemical Society.
the extinction spectra was constructed by combining the data collected with both polarizers
set to 90 degrees and both polarizers set to 0 degrees. This can introduce a small error due to
the imperfect repetition of the wavelength selection, but this error was typically very small
compared to the separation between data points (often zero to the accuracy of the spectrometer, and almost always less than 5 nm). In the extinction measurements, the α = 0/β = 90
and α = 90/β = 0 terms were found to be small and neglected. For those measurements,
the transmitted signal was subtracted from the light transmitted through a cuvette filled
with water, and the resulting difference was then divided by the water signal. Local smoothing was applied to the water transmission curves and the power calibration curves using a
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standard local 2nd order polynomial smoothing routine in MATLAB R Calibration curves
were interpolated where necessary using cubic interpolation. Background processes such as
multiple scattering and small levels of chirality due to heterogeneity can appear as magnetic
scattering at 90 degrees or electric scattering at 0 degree. These were estimated by examining the α = 0/β = 90 and α = 90/β = 0 polarization configurations, and are included with
the data set (Figure 5.21). These measurements were also used to estimate errors due to
multiple scattering and other background processes for the electric scattering α = 0/β = 0
and the magnetic scattering at α = 90/β = 90 respectively.
Generation of model rasberry-MMs for FDTD modeling The modeled structures
were constructed using a molecular dynamic simulation, in which a collection of spherical nanoparticles were forced to collapse onto a spherical surface using a first-order Euler
method. The force applied to the beads had three components. First, an asymmetric harmonic force with an equilibrium position equal to the bead diameter was applied between the
beads. The force between each pair of beads was only applied when the interbead distance
was less than the equilibrium distance, creating a purely repulsive force (F = −(x−2Rbead )k,
where k is 80 for x < 2Rbead , k = 0 for x ≥ 2Rbead , and Rbead is the bead radius, x is the distance between the center of the two beads). A second force was applied between the beads
and the simulated polystyrene core. This force was asymmetric and centered on distance
equal to sum of the core radius and the bead radius (F = −k 0 (x − Rcore − Rbead ), where k 0
is 0.5 for x ≥ (Rcore + Rbead ) and 25 for x < (Rcore + Rbead ) and Rcore is the radius of the
PS core). The attractive force was set to be fifty times weaker than the repulsive force so
that beads were forced to aggregate onto the surface regardless of the forces excerted by the
beads above them. Here the harmonic forces are described relative to the axis connecting
the objects. A third weak damping force proportional to the velocity (F = −γV , where
γ = 30 is the damping constant) was applied to the beads in order to force the system to
converge.
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Finite-difference time-domain (FDTD) simulation FDTD simulations were performed using the Lumerical Solutions, Inc. FDTD package. For the FDTD simulations, a
broadband pulse was injected into the cubic simulation region enclosing the structure with
perfectly matched layer (PML) boundary conditions. Beads were modeled as a gold spherical core and a thin dielectric shell with polystyrene index of refraction. This layer is used to
mimic the BDAC surfactant on the surface of individual gold nanoparticles due to its similar
reflective index with BDAC. The thickness of the dielectric layer was adjusted to be 1 nm
in order to guarantee a minimum Au-Au surface distance of around 2 nm between adjacent
beads (Figure 5.15). The number of beads used for the simulations was 90, 100 and 800 for
models with small, medium and big PS core in Figure 5.19, respectively. The number of
nanobeads may be slightly underestimated, as some of the loosely bound nanobeads can be
detached from the clusters. However, the isolated Au nanobeads were rarely observed on
TEM images and the profiles of the simulated spectra of the raspberry-MMs are found to
be insensitive to small (10%) variations of the number of the nanobeads (Figure 5.18). The
dielectric properties of gold and polystyrene were obtained from CRC database and elipsometric measurements, respectively, as shown in previous work.[176] It is worth noting that
the calculated electric and magnetic fields in the simulation box can be very sensitive to the
chosen mesh size for the simulation. In particular, raspberry-MMs contain many hotspots
in the small gap between the nanobeads. Therefore, extensive convergance tests with different mesh sizes were performed to find an appropariate mesh size where the simulation
becomes self-consistent. In previous work,[79] we have found that the near field polarization
currents, calculated based on the near-field values of the electric field, yield slightly higher
values of cross-section for various multimodes, compared to the cross-section values calculated in the far-field FDTD Solutions calculated based on far-field surface integration. This
is most probably due to the fact that FDTD slightly overestimates the values of the field
in these hotspots with finite spatial discretization. Therefore, in the rasberry-MMs, where
many of these hotspots exist, the values of the field and polarization currents may not be
very accurate. However, these discrepancies rapidly decay with distance from the surface of
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the particles and will not strongly contribute to the far-field values as shown in an earlier
publication.[79] As a result the conclusions presented in this paper are not affected by these
potential artifacts.
Mode analyses In order to determine the cross section contributions of individual modes
in the scattering cross-section, the scattered electric field was decomposed into individual
vector spherical harmonic modes:[206]
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the electric and magnetic modes respectively. In this expansion n is an integer with, n = 1
corresponding to dipolar modes, n = 2 corresponding to quadrupolar modes and n = 3
corresponding to octopolar modes and so on and so forth. For each n , m takes integer
values between m = −n to m = n. The incident electric field can be expanded in a similar
fashion using the regularized wave functions, RgM and RgM, for the incident electric and
magnetic modes:[206]
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The terms in Equation 5.2 are known apriori from the intensity, direction and the polarization of the incident wave. The terms in Equation 5.1 can then be extracted from the
scattered field calculated using the FDTD simulation. Using the built-in total field scattered field (TFSF) source in the Lumerical FDTD simulation package, the scattered field
can be determined in the region outside the particle, where the incident field has already
been subtracted. From this point, the r-component of the scattered electric and magnetic
fields ( and ) can be used to determine the electric and magnetic multipole coefficients
respectively. To determine the cross sections it was assumed that all scattered light of a
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particular mode was the result of the incident light of that mode (i.e., no mode mixing
occured). This assumption is always correct for a spherically symmetric structure,[206] but
does not have to be correct apriori in a complex, self-assembled structure. However, the
strong agreement between the sum of terms calculated based on this assumption and the
total scattering suggest that such effects are small and can be ignored. With this assumption the ratio of the incoming and scattered fields for each value of n can be calculated
as the scattering cross-section of each multipole mode. Reported cross sections have been
summed over all m values for a given n. The specific formulation chosen was that presented
in Scattering of Electrocmagnetic Waves, Theories and Applications, by Tsang, Kong, and
Ding (2000), equation (2.7.19).[206]
5.6.2. Additional Characterization Data for Raspberry-MMs

Figure 5.7: Energy-dispersive X-ray spectrum (EDS) of typical raspberry-MMs, indicating
that the beads are made of gold. The peaks labeled with *, @, # are assigned to Si, Cr
and Cu background, respectively. Reprinted with permission from Zhaoxia Qian, Simon P.
Hastings, Chen Li, Brian Edward, Christine K McGinn, Nader Engheta, Zahra Fakhraai,
and So-Jung Park. Raspberry-like metamolecules exhibiting strong magnetic resonances.
ACS Nano, 2015, 9 (2), pp 1263-1270. Copyright 2015 American Chemical Society.
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Figure 5.8: TEM image of a typical raspberry-MM (MM 1 (Dcore = 184 nm, Nbead = 800,
Rbead = 14 nm)). Detailed size information and synthetic conditions are given in Table 5.1.
Reprinted with permission from Zhaoxia Qian, Simon P. Hastings, Chen Li, Brian Edward,
Christine K McGinn, Nader Engheta, Zahra Fakhraai, and So-Jung Park. Raspberry-like
metamolecules exhibiting strong magnetic resonances. ACS Nano, 2015, 9 (2), pp 12631270. Copyright 2015 American Chemical Society.

Figure 5.9: TEM images of raspberry-MMs of different sizes with a fixed PS template
diameter of 94.5±7.2 nm. Sample in (A), (B), (C), (D) are MM 2 (Dcore = 96 nm, Nbead =
100, Rbead = 12 nm), MM 3 (Dcore = 96 nm, Nbead = 100, Rbead = 13 nm), MM 4 (Dcore =
96 nm, Nbead = 100, Rbead = 16 nm), MM 5 (Dcore = 96 nm, Nbead = 100, Rbead = 19 nm).
Detailed size information and synthetic conditions are given in Table 5.1. Reprinted with
permission from Zhaoxia Qian, Simon P. Hastings, Chen Li, Brian Edward, Christine K
McGinn, Nader Engheta, Zahra Fakhraai, and So-Jung Park. Raspberry-like metamolecules
exhibiting strong magnetic resonances. ACS Nano, 2015, 9 (2), pp 1263-1270. Copyright
2015 American Chemical Society.
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Figure 5.10: (A-C) TEM images of raspberry-MMs, MM 6 (Dcore = 56 nm, Nbead = 70,
Rbead = 11 nm) (A), MM 4 (Dcore = 96 nm, Nbead = 100, Rbead = 16 nm) (B), and MM 7
(Dcore = 184 nm, Nbead = 800, Rbead = 11 nm) (C) prepared using different sized PS cores.
The PS template diameters used for the syntheses are (A) 56.4±6.4 nm, (B) 94.5±7.2 nm,
and (C) 184.2±9.4 nm, respectively. Detailed size information and synthetic conditions are
given in Table 5.1. (D) Size distribution histograms of raspberry-MMs in A (black), B (red),
and C (blue). Reprinted with permission from Zhaoxia Qian, Simon P. Hastings, Chen Li,
Brian Edward, Christine K McGinn, Nader Engheta, Zahra Fakhraai, and So-Jung Park.
Raspberry-like metamolecules exhibiting strong magnetic resonances. ACS Nano, 2015, 9
(2), pp 1263-1270. Copyright 2015 American Chemical Society.
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5.6.3. Determination of Structural Parameters of Raspberry-MMs
Structure analyses To confirm that Au nanobeads in raspberry-MM maintain their
discrete nature the particles were broken apart by grafting PEG on the nanobeads and
subsequently swelling PEG in ethanol. Upon sonication of the swollen raspberry structures,
Au nanobeads were separated from the PS core (Figure 5.10). Structure parameters were
obtained from swollen raspberry structures (Figure 5.11-5.13).

Figure 5.11: TEM images of PEG-modified raspberry-MMs (MM 1 (Dcore = 184 nm, Nbead
= 800, Rbead = 14 nm)) in ethanol after sonication for 2 hours. Reprinted with permission
from Zhaoxia Qian, Simon P. Hastings, Chen Li, Brian Edward, Christine K McGinn,
Nader Engheta, Zahra Fakhraai, and So-Jung Park. Raspberry-like metamolecules exhibiting strong magnetic resonances. ACS Nano, 2015, 9 (2), pp 1263-1270. Copyright 2015
American Chemical Society.

146

Figure 5.12: (A-D) TEM images of swollen PEG-modified raspberry-MMs presented in
Figure 5.2 (MM 2 (Dcore = 96 nm, Nbead = 100, Rbead = 12 nm) (A), MM 3 (Dcore = 96 nm,
Nbead = 100, Rbead = 13 nm) (B), MM 4 (Dcore = 96 nm, Nbead = 100, Rbead = 16 nm) (C)
and MM 5 (Dcore = 96 nm, Nbead = 100, Rbead = 19 nm) (D)). These samples were prepared
with PS template with the diameter of 94.5±7.2 nm. Detailed size information and synthetic
conditions are given in Table 5.1. (E) Size distribution histograms of gold nanobeads in
images A-D constructed by counting about 100 particles in each sample. Reprinted with
permission from Zhaoxia Qian, Simon P. Hastings, Chen Li, Brian Edward, Christine K
McGinn, Nader Engheta, Zahra Fakhraai, and So-Jung Park. Raspberry-like metamolecules
exhibiting strong magnetic resonances. ACS Nano, 2015, 9 (2), pp 1263-1270. Copyright
2015 American Chemical Society.
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Figure 5.13: TEM images (top) and the bead diameter histogram (bottom) of swollen PEGmodified raspberry-MMs (MM 6) (Dcore = 56 nm, Nbead = 70, Rbead = 11 nm) presented in
Figure 5.3. Detailed synthesis and size parameters are shown in Table 5.1. Reprinted with
permission from Zhaoxia Qian, Simon P. Hastings, Chen Li, Brian Edward, Christine K
McGinn, Nader Engheta, Zahra Fakhraai, and So-Jung Park. Raspberry-like metamolecules
exhibiting strong magnetic resonances. ACS Nano, 2015, 9 (2), pp 1263-1270. Copyright
2015 American Chemical Society.

Figure 5.14: TEM image (A) and the bead diameter histogram (B) of swollen PEG-modified
raspberry-MMs (MM 7) (Dcore = 184 nm, Nbead = 800, Rbead = 11 nm) presented in
Figure 5.3. Detailed synthesis and size parameters are shown in Table 5.1. Reprinted with
permission from Zhaoxia Qian, Simon P. Hastings, Chen Li, Brian Edward, Christine K
McGinn, Nader Engheta, Zahra Fakhraai, and So-Jung Park. Raspberry-like metamolecules
exhibiting strong magnetic resonances. ACS Nano, 2015, 9 (2), pp 1263-1270. Copyright
2015 American Chemical Society.
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5.6.4. Interparticle Distance in Raspberry-MMs
It is difficult to extrapolate the exact bead-to-bead distance within individual raspberryMMs from electron micrographs due to the complexity of the structure. Therefore, the
interparticle distance was estimated based on the length of the BDAC molecule (Figure
5.15). The fully stretched length of BDAC is 2.01 nm. However, the distance between the
bead surface and the far end of the BDA+ layer can vary, depending on the tilting angle of
BDAC on the bead surface. For gold nanorods synthesized using cetyltrimethylammonium
bromide (CTAB) as a surfactant, it is generally accepted that the nanorod surface is capped
with a CTAB bilayer.[150][179] Therefore, depending on the degree of interdigitation of
BDAC bilayers, it is a reasonable to assume that the distance between adjacent beads is in
the range of 1 to 4 nm.
In generating model raspberry-MM structures used for FDTD simulations, a 1 nm thick
dielectric layer, based on polystyrene index of refraction was applied to mimic the BDAC
layer on Au nanobeads. The use of the dielectric shell resulted in about 2 nm interparticle
distances (Figure 5.14), which is reasonable based on the length of BDAC as described
above (Figure 5.15).
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Figure 5.15: Histogram of nearest neighbor surface-to-surface distance between Au beads
for different types of raspberry-MMs. Simulation parameters are: (A) Dcore = 56 nm, Nbead
= 70, Rbead = 11 nm (B) Dcore = 96 nm, Nbead = 100, Rbead = 12 nm (C) Dcore = 96 nm,
Nbead = 100, Rbead = 13 nm (D) Dcore = 96 nm, Nbead = 100, Rbead =16 nm (E) Dcore =
96 nm, Nbead = 100, Rbead = 19 nm (F) Dcore = 184 nm, Nbead = 800, Rbead = 11 nm (G)
Dcore = 184 nm, Nbead = 800, Rbead = 14 nm. The parameters, Dcore , Nbead , and Rbead
represent the diameter of the PS core, the number of beads, and the radius of Au beads,
respectively. Reprinted with permission from Zhaoxia Qian, Simon P. Hastings, Chen Li,
Brian Edward, Christine K McGinn, Nader Engheta, Zahra Fakhraai, and So-Jung Park.
Raspberry-like metamolecules exhibiting strong magnetic resonances. ACS Nano, 2015, 9
(2), pp 1263-1270. Copyright 2015 American Chemical Society.
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Figure 5.16: Schematic description of a likely BDAC layer arrangement on Au nanobeads
in raspberry-MMs. In the left hand-side figure, white, grey, green, yellow balls represent
hydrogen atoms, carbon atoms, nitrogen atoms, and chloride ions, respectively. The green
ellipsoid and blue lines in the right hand-side figure represent the hydrophilic head and
hydrophobic tail of BDAC, respectively. The orange spheres represent gold nanoparticles.
The surfactant molecules and the nanoparticles are not drawn to scale. Reprinted with
permission from Zhaoxia Qian, Simon P. Hastings, Chen Li, Brian Edward, Christine K
McGinn, Nader Engheta, Zahra Fakhraai, and So-Jung Park. Raspberry-like metamolecules
exhibiting strong magnetic resonances. ACS Nano, 2015, 9 (2), pp 1263-1270. Copyright
2015 American Chemical Society.
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5.6.5. Additional FDTD Modeling Data

Figure 5.17: Influence of the mesh size on the simulated absorption (black), scattering
(red) and extinction (blue) spectra of the model constructed with the following geometry
parameters: Dcore = 56 nm, Nbead = 90, Rbead =10.5 nm. The mesh size used for the
simulation was 0.8 nm (A), 0.9 nm (B), 1.5 nm (C), and 2.0 nm (D). The results indicate
that a mesh size of 0.9 nm guarantees the convergence of the simulated absorption, scattering
and extinction spectra. Reprinted with permission from Zhaoxia Qian, Simon P. Hastings,
Chen Li, Brian Edward, Christine K McGinn, Nader Engheta, Zahra Fakhraai, and So-Jung
Park. Raspberry-like metamolecules exhibiting strong magnetic resonances. ACS Nano,
2015, 9 (2), pp 1263-1270. Copyright 2015 American Chemical Society.
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Figure 5.18: Influence of the mesh size on the simulated absorption (black), scattering
(red) and extinction (blue) spectra of the model constructed with the following geometry
parameters: Dcore = 184 nm, Nbead = 800, Rbead = 14 nm. The mesh size is 1.2 nm (A),
2 nm (B) and 3 nm (C), respectively. The results indicate that a mesh size of 1.2 nm also
guarantees the convergence of the simulated absorption, scattering and extinction spectra.
Reprinted with permission from Zhaoxia Qian, Simon P. Hastings, Chen Li, Brian Edward,
Christine K McGinn, Nader Engheta, Zahra Fakhraai, and So-Jung Park. Raspberry-like
metamolecules exhibiting strong magnetic resonances. ACS Nano, 2015, 9 (2), pp 12631270. Copyright 2015 American Chemical Society.
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Figure 5.19: Calculated cross section (black: absorption, red: scattering, blue: extinction)
of individual raspberry-MM constructed with the same template size but different bead
sizes. Simulation parameters for individual raspberry-MMs are shown in Table 5.1. (A)
corresponds to MM 3 (Dcore = 96 nm, Nbead = 100, Rbead = 13 nm); (B) corresponds to
MM 4 (Dcore = 96 nm, Nbead = 100, Rbead = 16 nm); (C) corresponds to MM 5 (Dcore =
96 nm, Nbead = 100, Rbead = 19 nm). The mesh size is 0.9 nm for all four simulations.
Reprinted with permission from Zhaoxia Qian, Simon P. Hastings, Chen Li, Brian Edward,
Christine K McGinn, Nader Engheta, Zahra Fakhraai, and So-Jung Park. Raspberry-like
metamolecules exhibiting strong magnetic resonances. ACS Nano, 2015, 9 (2), pp 12631270. Copyright 2015 American Chemical Society.

Figure 5.20: Simulated spectra of a series of raspberry-MM models with varying numbers
of beads and their average spectrum. The sizes of the core and the nanobead were kept
constant (Dcore = 96 nm, Rbead = 16 nm) for all simulations. Compared to the single particle
spectra, the average spectrum is broader with less obvious fine features. Reprinted with
permission from Zhaoxia Qian, Simon P. Hastings, Chen Li, Brian Edward, Christine K
McGinn, Nader Engheta, Zahra Fakhraai, and So-Jung Park. Raspberry-like metamolecules
exhibiting strong magnetic resonances. ACS Nano, 2015, 9 (2), pp 1263-1270. Copyright
2015 American Chemical Society.
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Figure 5.21: Calculated cross section (black: absorption, red: scattering, blue: extinction)
of individual raspberry-MMs constructed with different PS template size. Simulation parameters for individual raspberry-MMs are shown in Table 5.1. (A) corresponds to MM 6
(Dcore = 56 nm, Nbead = 70, Rbead = 11 nm); (B) corresponds to MM 2 (Dcore = 96 nm,
Nbead = 100, Rbead = 12 nm); (C) corresponds to MM 7 (Dcore = 184 nm, Nbead = 800, Rbead
= 11 nm). The mesh size is 0.9 nm for (A) and (B), and 1.2 nm for (C). Reprinted with
permission from Zhaoxia Qian, Simon P. Hastings, Chen Li, Brian Edward, Christine K
McGinn, Nader Engheta, Zahra Fakhraai, and So-Jung Park. Raspberry-like metamolecules
exhibiting strong magnetic resonances. ACS Nano, 2015, 9 (2), pp 1263-1270. Copyright
2015 American Chemical Society.
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5.6.6. Magnetic Dipole and Electric Dipole Scattering Measurements
The extinction spectra, measured using the set-up shown in Figure 5.6, are shown for various
raspberry-MMs in Figure 5.20. This data is plotted along with the corresponding spectra
of the same particles using a commercial UV-Vis spectrometer (Agilent 8453 UV-visible
spectrophotometer). These measurements show that within the errors of the calibration of
each instrument the data are consistent. The spectra obtained by the setup shown above
has a slight mismatch (< 40 nm) in spectral peak position, which we attribute to a wider
effective acceptance window (approximately 5 degrees) for the transmitted beam in the
experimental setup, compared to that of the commercial unit. The range of wavelengths
chosen per data point may also be wider in this experimental setup. These curves provide
a method to estimate the accuracy of the scattering measurements obtained by this setup,
which should also be accurate within these errors.

Figure 5.22: Extinction spectra of the different raspberry-MMs measured using the setup shown in Figure 5.6 (black curve) and from a commercial UV-Vis instrument (purple
curve).The measured samples are (A) small raspberry-MMs with a core diameter of 56 nm
(MM 6) (Dcore = 56 nm, Nbead = 70, Rbead = 11 nm), (B) medium sized raspberry-MMs
with a core diameter of 94 nm (MM 4) (Dcore = 96 nm, Nbead = 100, Rbead = 16 nm),
(C) large raspberry-MMs with a core diameter of 184 nm (MM 1) (Dcore = 184 nm, Nbead
= 800, Rbead = 14 nm). Detailed synthesis and size parameters are shown in Table 5.1.
Reprinted with permission from Zhaoxia Qian, Simon P. Hastings, Chen Li, Brian Edward,
Christine K McGinn, Nader Engheta, Zahra Fakhraai, and So-Jung Park. Raspberry-like
metamolecules exhibiting strong magnetic resonances. ACS Nano, 2015, 9 (2), pp 12631270. Copyright 2015 American Chemical Society.
To further verify the accuracy of these measurements, the electric (α = 0◦ /β = 0◦ ) and
the magnetic (α = 90◦ /β = 90◦ ) scattering spectra at 90 degrees scattering angle, were
also measured for solutions made of PS beads, spherical gold nanoparticles and smooth
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gold nanoshells (Au@SiO2, purchased from Nanospectra Biosciences, Inc). As shown in
Figure 5.21A-C all of these samples exhibited negligible magnetic dipole scattering (blue
curves) compared to electrical dipole scattering (black curves) as expected for these simple
geometries.[28] Additionally, the scattering spectrum of the PS beads follows the 1/λ4 scaling of the Rayleigh scattering (Figure 5.21A), while the nanoparticles and smooth nanoshells
show a dipolar resonance, at the same frequency as their corresponding extinction SPR
peaks. These results show that the instrument correctly identifies the spectral position and
the nature of the electric dipole scattering in these particles. For each spectrum, the crosspolarization measurements (α = 90◦ /β = 0◦ and α = 0◦ /β = 90◦ ) were also performed
to estimate the level of noise due to multiple scattering or other experimental artifacts,
which is similar to the background in the magnetic scattering curves (α = 90◦ /β = 90◦ ) for
these structures; the result shows that within the error of these measurements the magnetic
dipole scattering is negligible for PS beads, spherical gold nanoparticles and smooth gold
nanoshells.
For small raspberry-MMs (Figure 5.20D), the magnetic dipole peaks at around 750 nm, and
is only slightly larger than the cross-polarization background. For medium-sized raspberryMMs (Figure 5.20E), the magnetic dipole resonance red shifts to 850 nm and is about
30% of the electric dipole resonance. For the largest raspberry-MMs studied here (Figure
5.20F and Figure 5.5 in the manuscript), the magnetic dipole peaks at around 920 nm
and scattering becomes much stronger. The peak scattering intensity exceeds that of the
electric dipole at wavelengths longer than 900 nm. The results confirm that increasing the
size of raspberry-MMs effectively enhances their magnetic dipole response and red-shifts
the magnetic response wavelength, which is in strong agreement with the predictions of the
FDTD simulations.
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Figure 5.23: Measured scattering spectra at different polarization angles of the incident light
and the scattered light for (A) polystyrene beads with a diameter of 80 nm, (B) spherical
gold nanoparticles with a diameter of 150 nm, (C) smooth nanoshells (Au@SiO2) with
core diameter of 120 nm and shell thickness of 15 nm, (D) small raspberry-MMs with a core
diameter of Dcore = 56 nm, Nbead = 70, Rbead = 11 nm)), (E) medium sized raspberry-MMs
with a core diameter of 94 nm (MM 4 (Dcore = 96 nm, Nbead = 100, Rbead = 16 nm)), (F)
large raspberry-MMs with a core diameter of 184nm (MM 1 (Dcore = 184 nm, Nbead = 800,
Rbead = 14 nm)). Detailed synthesis and size parameters are shown in Table 5.1. Black, red,
green and blue curves correspond to scattering radiation collected at different polarization
angle of incident light (α) and scattered light (β) (black curve: α = 0◦ /β = 0◦ ( electric
dipole), blue curve: α = 90◦ /β = 90◦ , (magnetic dipole), red curve: α = 90◦ /β = 0◦ ,
green curve: α = 0◦ /β = 90◦ . Here, 0◦ denotes the direction perpendicular to the optical
table and 90◦ denotes the direction parallel to the optical table. The relative intensities of
these four curves within each plot can be directly compared. The purple curves represent
the extinction spectra of the corresponding samples, obtained using a commercial UV-Vis
spectrometer. Their intensities are scaled in order to plot on the same graph. The brown
curve in A corresponds to the 1/λ4 curve for Rayleigh scattering with adjusted intensity.
Reprinted with permission from Zhaoxia Qian, Simon P. Hastings, Chen Li, Brian Edward,
Christine K McGinn, Nader Engheta, Zahra Fakhraai, and So-Jung Park. Raspberry-like
metamolecules exhibiting strong magnetic resonances. ACS Nano, 2015, 9 (2), pp 12631270. Copyright 2015 American Chemical Society.
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Figure 5.24: Left axis: Calculated scattering intensity from the electric dipole (black curve)
and magnetic dipole (red curve) of an individual raspberry-MM at a scattering angle of 90◦
compared to the incident plane wave light source. Right axis: Calculated total scattering
cross-section (σ) of electric dipole (wine curve) and magnetic dipole (green curve) at all
angles are shown for comparison. Reprinted with permission from Zhaoxia Qian, Simon P.
Hastings, Chen Li, Brian Edward, Christine K McGinn, Nader Engheta, Zahra Fakhraai,
and So-Jung Park. Raspberry-like metamolecules exhibiting strong magnetic resonances.
ACS Nano, 2015, 9 (2), pp 1263-1270. Copyright 2015 American Chemical Society.
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5.6.7. FDTD Simulations on the Effect of PS Templates

Figure 5.25: Influence of the PS core on the simulated absorption (black), scattering
(red) and extinction (blue) spectra of the raspberry-MMs. The model for (A) is a typical raspberry-MM (Dcore = 56 nm, Nbead = 90, Rbead = 10.5 nm). The model for (B)
was constructed by replacing the PS core of the (A) structure with air. The structures for
(C) and (D) are clusters of Au nanobeads without the dielectric core (Nbead = 90 for (C)
and Nbead = 160 (D)). The overall size of nanoparticle cluster in (D) is approximately the
same as that of (A). The mesh size for all FDTD simulation is 0.9 nm. Reprinted with
permission from Zhaoxia Qian, Simon P. Hastings, Chen Li, Brian Edward, Christine K
McGinn, Nader Engheta, Zahra Fakhraai, and So-Jung Park. Raspberry-like metamolecules
exhibiting strong magnetic resonances. ACS Nano, 2015, 9 (2), pp 1263-1270. Copyright
2015 American Chemical Society.
5.6.8. FDTD Simulations Showing the Angle-Independent Responses from Isotropic RaspberryMMs
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Figure 5.26: Simulated absorption (black), scattering (red) and extinction (blue) spectra of
an individual raspberry-MM at different propagation and polarization directions of incident
light. E indicates the polarization direction and k indicates the direction of propagation.
The simulation parameters for the raspberry-MMs are as follows: Dcore = 56 nm, Nbead =
90, Rbead = 10.5 nm. Simulation mesh size is 0.9 nm. The scale bar in the simulation model
is 50 nm. It is obvious that the polarization and propagation direction of incident light
have little influence on the simulated absorption, scattering and extinction spectra due to
the three-dimensional symmetry of the raspberry-MMs. Reprinted with permission from
Zhaoxia Qian, Simon P. Hastings, Chen Li, Brian Edward, Christine K McGinn, Nader
Engheta, Zahra Fakhraai, and So-Jung Park. Raspberry-like metamolecules exhibiting strong
magnetic resonances. ACS Nano, 2015, 9 (2), pp 1263-1270. Copyright 2015 American
Chemical Society.
IX. Additional Mode Analyses Data
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Figure 5.27: Calculated cross section of different electric and magnetic multimode scattering
spectra and their sum (blue curve) compared with the total scattering spectrum (wine curve)
(Ed : electric dipole, Eq : electric quadrupole, Eo : electric octopole, Md: magnetic dipole,
Mq : magnetic quadrupole, Mo : magnetic octopole). The simulation parameters are Dcore =
96 nm, Nbead = 100, Rbead = 16 nm. Reprinted with permission from Zhaoxia Qian, Simon
P. Hastings, Chen Li, Brian Edward, Christine K McGinn, Nader Engheta, Zahra Fakhraai,
and So-Jung Park. Raspberry-like metamolecules exhibiting strong magnetic resonances.
ACS Nano, 2015, 9 (2), pp 1263-1270. Copyright 2015 American Chemical Society.
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CHAPTER 6 : Structural Dependence of Tunable Global Electric and Magnetic
Dipole Resonance in RMMs
The content of this chapter is reprinted from Chen Li, Sunghee Lee, Zhaoxia Qian, So-Jung
Park and Zahra Fakhraai. Exploring Important Variables for Tunable Magnetic Dipole
Resonance in Raspberry-like Metamolecules. To be submitted for publication.

6.1. Abstract
Raspberry-like metamolecules (RMMs) are self-assembled clusters of closely-packed noble
metal nanoparticles (beads) around a dielectric core, and can exhibit emergent optical
properties not available in simple nanoparticles, such as a broadband far-field extinction
and artificial optical magnetism. Understanding how to tune the electric and magnetic
resonance modes in these clusters can help design materials with novel optical properties.
An important feature of these clusters is that their magnetic plasmon resonance and the
breadth of the extinction spectra of these clusters can be tuned via simple synthetic routes
that change the bead size, core size, or the interparticle distance. However, the effect of
each of these variables on the final magnetic resonance frequency has not been explored.
In this article, we present a combined theoretical analysis using numerical finite-different
time-domain modeling and analytical dipole-dipole coupling theory to study the role of
these variables in the global dielectric and global magnetic modes of RMMs. We compare
the results with magnetic dipole resonances measured experimentally for various sets of
chemically synthesized RMMs. The proposed methods can be used as a synthetic guideline
for similar assemblies when specific resonant frequencies and bandwidths are desired.

6.2. Introduction
With the rapid development in modern nanotechnology, the past decade has witnessed
a large variety of optical metamaterial structures.[192, 191, 181, 111, 127, 6, 63, 32, 50]
With subwavelength components featuring special shapes and geometric arrangements,
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these structures are able to manipulate light-matter interactions in a specific manner and
thus demonstrate interesting optical properties on a macroscopic level not normally found
in nature. Among these properties, the quest for resonant magnetism at optical frequencies using non-magnetic subwavelength structures has raised increasing interest[6, 14, 54,
183, 184, 167, 73, 51, 37] Achieving magnetic plasmon resonance at optical frequencies may
allow the design of materials with negative index of refraction[192, 240, 211, 10, 186, 164]
and Fano-resonances[32, 54, 183, 185, 214, 232] and are also often considered potential
candidates for hyper lenses[164, 56] and invisibility cloaks[12, 31, 24, 48, 140, 148]. This
unique property was first theoretically proposed in structures a circular nanoparticle arrangement, as an analogy to split-ring resonators[14, 10, 13] and was experimentally realized
in 2010[54]. While most of the existing structures supporting optical magnetism have been
precisely patterned 2D metasurfaces fabricated by top-down lithographic techniques[181,
31, 24, 140, 148] nanoparticle assemblies produced using more facile and affordable colloidal
processes have also been demonstrated to accommodate such a feature over the past few
years.[14, 54, 183, 184, 167, 238] Such nanoparticle systems, termed raspberry-like metamolecules (RMM)[167] or core-satellite structures,[238] have been fabricated using an increasing number of synthetic methods from electrostatic assembly[14, 54] to protein[184] and
DNA[238] directed assemblies. Despite their relatively larger structural disorder compared
to precisely patterned metasurfaces, these nanoclusters benefit from a few advantages, such
as easily tunable magnetic resonances through variations in synthetic parameters and the
potential to support isotropic magnetism independent of the excitation polarizations[167].
Therefore, RMMs are promising candidates for applications such as surface enhanced Raman spectroscopy[238, 168] and low-loss plasmonic waveguides[128]. Since most of these
applications rely on the plasmonic near-field enhancement that weakens rapidly as one moves
away from the resonant frequency, it is important to understand the properties of the supported resonant modes and their dependence on the structural features of the nanoclusters,
such that the resonance frequency can be tuned as needed for the desired application.
The effect on plasmonic properties of size and shape of single particles and interparticle cou164

pling in their oligomers has been extensively studied.[37, 194, 154, 11, 160, 153, 222, 180]
In these structures, the plasmonic properties are typically dominated by the single particle electric dipole resonance. However, until recently, few researches have investigated the
parameters that control the properties of the higher order resonance modes observable in
larger nanoparticle clusters or assemblies , such as electric quadrupole and magnetic dipole
resonances. Previously, we reported how the overall cluster size and bead size affects the
far-field extinction spectrum of RMM clusters.[167] However, since the number of the beads
on each cluster was not experimentally controllable, these factors are not independent variables as they simultaneously vary the strength of the induced plasmon within the beads as
well as the inter-bead coupling. More in-depth theoretical analyses and modeling is still
necessary to provide sufficient physical insight as a design and synthetic guideline for desired
applications. Most studies on the mechanism for such resonances have been performed on
simplified or periodically patterned 2D structures using either analytical electromagnetic
theories[6, 14, 10, 238, 173, 191, 189] or direct near-field examination[54, 173]. As the size
of the synthesized clusters become larger with increasingly complicated local structures and
interparticle interactions, this approach becomes insufficient due to disorder-induced spectral damping and overlap between different resonance modes. Rigorous full wave numerical
simulations, though fall short in providing direct physical insights in comparison, are much
more flexible. As rapidly increasing computing resources have become available nowadays ,
these methods well suited for studying complicated structures. A combination of numerical
simulations on experimentally-relevant structures combined with analytical calculations on
simplified models can be used to provide better understanding of the interplay between
the structural factors such as bead size, number, and iner-bead distance with the resulting
optical spectra and the nature of various plasmonic modes in RMMs.
In this article, we use finite-difference time-domain (FDTD) and Greens function method
to calculate the electric and magnetic dipole resonance (EDR and MDR) in raspberry-like
metamolecule (RMM) structures synthesized using a seed-mediated growth method. The
models are used to explore the dependence of the global electric (GEM) and global magnetic
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(GMM) dipole modes on the structural properties of RMMs such as the bead size, and the
interbead distance. We show that these predictions are consistent with experimental observations when the particles size and interbead distances are varied using simple variations
in the synthesis. The model can be used as a guideline to future design of magnetic dipole
resonances for specific applications.

6.3. Methods
6.3.1. Synthesis
Raspberry-MMs were synthesized by the templated surfactant-assisted seed growth method
following our previously published procedure[167], as schematically shown in Figure 6.1. In
a typical synthesis, an aqueous solution containing polystyrene (PS) cores decorated with
small silver seed particles was mixed with a growth solution containing aromatic surfactants
(BDDAC, BDTAC, or BDAC ), HAuCl4 , AgNO3 , and ascorbic acid. More details can be
found in the supporting information.

Figure 6.1: Schematic plot of the template assist seed growth mechanism for the synthesis
of the studied RMM particles.

6.3.2. FDTD Modeling and Multipole Analysis
FDTD simulations were performed on a single modelled RMM structure using Lumerical
FDTD Solutions (V8.16), to calculate the far-field scattering and extinction cross-section
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spectra and compare with the experimentally measured UV-visible spectral features. The
results were then used for the theoretical analysis described below. The RMM models were
created using a molecular dynamics simulation where a number of gold spheres (beads)
converged towards a polystyrene core in the center of the simulation, as described in more
details in our previous publication.[167] Experimentally relevant bead size and inter-bead
distances were used for models directly compared with the experimental data. The details of
the FDTD simulations can be found in our previous publication[167, 168] and the supporting
information. Briefly, in a typical electrodynamic simulation, a 2.66 fs broadband total-field
scatter-field (TFSF) source was used to excite the modelled RMM, with a background
refractive index of 1.3 to mimic the colloidal UV-visible measurement in aqueous solution.
Perfectly matched layer (PML) boundary conditions were used to dampen the field outside
the simulation box. Both the total far-field scattering cross section and the electric nearfield at each position around the RMM were recorded as a function of incident wavelength.
The details of the materials models and mesh sizes used for this simulation can be found in
the supporting information and our previous publications.
The near-field distribution can be used to decompose the far-field response into contributions
from multipole modes.[183, 167, 11, 161, 79, 78, 207, 206] While this has been reported using displacement current calculations by simple volume integration of the electric near-field
over a region enclosing the modeled objects[183], the method heavily relies on the accuracy
of the simulated near-field. In a large nanocluster like an RMM, the existence of a large
number of nanometer-scale gaps between metallic interfaces generates strong plasmonic enhanced electromagnetic near-field hotspots. The enhanced near-field will be overestimated
in a rigorous electrodynamic simulation with an insufficiently fine mesh setting under the
restriction of available computing resources. Expansion of near-field within the RMM is
thus less reliable for this study. Here instead, the scattering mode decomposition was performed by expanding the scattered near-field into a basis of vector spherical wavefunctions
(VSWFs). The resulting expansion coefficients, retrievable through near-field integration
over a closed surface enclosing the structure, were used to calculate the far-field optical
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response.[79, 78, 207, 206] Compared with the near-field expansion technique reported by
Shafiei et al.[183], this method is more accurate because only scattered field away from
the hotspots within the RMM internal structure is used for calculation, with a lower requirement on the mesh setting. More details about the calculation can be found in the
supporting information and our previous publications.[167, 78]
In a typical calculation, the incident and scattered electric field can be written as an expansion into the VSWFs[207, 206] of orders n and m:

Ei =

X

(1)
iN
(1)
[aiM
nm Mnm (kr, θ, φ) + anm Nnm (kr, θ, φ)]

(6.1)

X
(3)
sN
(3)
[asM
nm Mnm (kr, θ, φ) + anm Nnm (kr, θ, φ)]

(6.2)

nm

Es =

nm

Nnm and Mnm are the electric field components from the electric multipole modes and
from the magnetic multipole modes, with ai ’s and as ’s being the respective incident and
scattering coefficients, describing the relative contribution from each multipole mode. The
field components of multipole order n are defined below:
(
Nnm (kr, θ, φ) = γnm

[krzn (kr)]0
zn (kr)
Pnm (θ, φ) +
Bnm (θ, φ)
n(n + 1)
kr
kr

Mnm (kr, θ, φ) = γnm zn (kr)Cnm (θ, φ)

)
(6.3)
(6.4)

Where zn (kr) is the spherical Bessel function of the first kind (jn (kr)) for superscript (1)
(1)

(incident field) and the spherical Hankel function of the first kind (hn (kr)) for superscript
(3) (scattered field). The composing VSWFs and the coefficients are defined below, where

168

Pnm is the associated Legendre polynomial:
Pnm (θ, φ) = r̂Pnm (cos θ)eimφ


imPnm (cos θ) imφ
dPnm (cos θ)
e
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+ φ̂
dθ
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e
− φ̂ n
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4πn(n + 1)(n + m)!
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(2n + 1)(n − m)!

(6.5)
(6.6)
(6.7)
(6.8)

The multipole expansion can be performed using the scattered field integrated over a closed
spherical surface enclosing the structure of radius r0 , with the scattering coefficients of
multipole order n retrievable from full-wave FDTD simulated field distributions as:

asN
nm
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nm =
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p
µ/ is the wave impedance of the background medium. Assuming plane wave

incidence with incident electric field Ei = êE0 , the incident coefficients can be described
by:
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γnm n(n + 1)
2n + 1
= (−1)m in E0
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Where θi and φi describe the incident electric field directions with respect to the propagation
direction. The optical response from an arbitrary scatterer can thus be described by a Tmatrix relating the scattered and the incident coefficients:
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Or equivalently:
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Specifically, the total scattering cross section can be described using the T-matrix components as follows:
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Figure 6.2b demonstrates an example calculation on a modelled RMM particle. The calculated far field optical response from FDTD simulations were used to verify the structural
parameters used in the model, as shown in Table 6.1. An RMM structure usually consists
of a large number of small noble metal nanobeads closely packed on the surface of the dielectric template core, but mutually separated by the surfactant molecules at around 2 nm.
Under optical excitation, the coupling between the plasmons of individual nanobeads gives
rise to high-order resonance modes observed as various spectral features in Figure 6.2a. As
demonstrated in Figure 6.2b, the total scattered electric near-field, and in turn the scattered
power, can be decomposed into contributions from the electric and the magnetic dipole resonance modes, respectively. Figure 6.2b shows that the combined scattering cross section
from these two modes (solid green) account for most of the total scattering cross-section
indicating that higher order modes, such as the quadrupole mode, are insignificant, and
thus can be neglected. This observation holds for all other RMMs studied in this current
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manuscript. This is both due to the small overall size of the RMMs in this study compared
to our previous work[167], which reduces the effect of higher order modes as well as the
isotropic shape of these particles, which leads to negligible modal interference that could
otherwise be potentially broadcasted by the dipole mode.[78]

Figure 6.2: Far-field optical simulation and multipole analysis for raspberry-MMs: (a) Colloidal UV-visible measurement (blue) and the corresponding calculated far-field scattering
from single particle simulations (black). The inset shows the structure of the modeled RMM
, with specific structural parameters shown in Table 6.1 (b) Multipole mode decomposition
of the scattering cross-section (dashed black line) into the electric (blue) and magnetic (red)
dipole modes of the modeled raspberry-MM shown in (a). The green line shows the sum of
the two resonance modes. (c) Schematic plot for directional scattering FDTD simulation
setup to separate the electric and the magnetic dipole scattering
While the above method provides good accuracy, the long simulation running time prevent
its usage for all RMM models investigated. Part of the multipole analysis in this work
was performed by calculating the 90◦ directional scattering with respect to the incident
direction. As shown in Figure 6.2c, optical signals recorded by power monitors positioned
in specific directions can be used to identify the scattering from the electric dipole mode
and that from the magnetic dipole mode.
6.3.3. Dipole-dipole Interaction and Dipole Moment Calculations
All nanoparticle clusters in this study are composed of nanobead building blocks much
smaller than the incident wavelength of light (bead size up to a maximum of 60 nm). In
such assemblies, possible higher order multipole modes, including both the global magnetic dipole (GMD) and the global electric dipole (GED) modes, are results of the coupling
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between the individual bead electric dipole (BED) resonances excited within all building
blocks. The interaction between these bead dipoles can be quantitatively described by the
dyadic Greens function under dipole approximation[10, 13], where optical scattering from
each nanobead is treated as radiation from a point dipole. It is worth noting that by treating the optically excited beads as point dipoles with zero volume, the interaction between
the plasmon enhanced near electric field in the vicinity of bead surfaces is neglected. Thus
the Greens function method used in this study can only qualitatively describe the structural
effect on the coupling induced resonance modes in simplified models. To understand the origin and property of higher ordered GED and GMD resonance modes, analytical calculations
were performed on a simplified RMM structure, termed the core-satellite model. As shown
in Figure 6.3, a typical model consists of a number (>3) of identical gold spheres forming
a loop with equal inter-bead separation. At a size much smaller than the wavelength of
interest, each bead can be viewed as a radiating point dipole under optical excitation, with
the polarizability calculable by Mie scattering theory[28]. Equation 6.17 describes how
individual dipoles are affected under coupling between each other. The resulting dipole
moments for each excited bead can be calculated from the local incident electric field Einc ,
the local polarizabilities determined by the bead shape and permittivity, and the dyadic
Greens function Q determined by the relative positions.
Eincj = (αj−1 −

X

Qjj 0 )pj 0

(6.17)

j6=j 0

Within a typical core-satellite structure, two different coupled modes were investigated
in more details. The global electric dipole resonance can be excited with a plane-wave
excitation polarized in the plane of ring (Figure 6.3a). Under quasistatic approximation, as
the overall size of the structure is still much smaller than the wavelength, the resulting net
dipole can be viewed as an effective point dipole positioned at the center of the structure
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with direction along the incident electric field component.
X

p=

pj

(6.18)

j

Calculation of the magnetic dipole (Figure 6.3b) follows the dynamic theory established
by Alu and Engheta[13]. Since a pure magnetic resonance with individual electric dipoles
excited at identical strength and aligned head-to-head in a loop cannot be formed through
plane wave excitation, cylindrical wave was assumed in the calculation with the electric
field along the ring plane normal and the magnetic field along the azimuth direction. The
symmetry in both the structure and the excitation leads to a zero net electric dipole. The
resulting magnetic dipole is calculated through a modified Biot-Savart Law, as shown in
equation 6.18, where N and R are the number of beads and the overall size of the structure.
The dipole moment p induced in each of the coupled spheres, can be calculated using
equation 6.18, where φ̂j is the azimuth unit vector at the position of a certain sphere.
Qjj 0 is the dyadic Greens function, calculable via the relative positions of the spheres, as
demonstrated in reference [13] for a Cartesian coordinate system, and αp is the single sphere
polarizability calculated from the Mie theory using only the first order electric coefficient
as shown in equation 6.18, keeping only the scattering contribution from the first-order
expansion term for the electric multipoles:
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(6.19)

(6.20)

(6.21)

Figure 6.3: Calculation setup for the global electric dipole resonance (a) and magnetic
dipole resonance (b), with incident field configuration.

6.4. Results and Discussion
Optical response from an RMM structure at a specific overall cluster size depends on both
the bead sizes and the inter-bead separations. To study these two factors in greater details,
different sets of RMM particles were synthesized, each with a consistent overall cluster
size. The effect of inter-bead separation can be experimentally explored using far-field
UV-visible extinction measurements of a set of RMMs synthesized using surfactant linker
molecules with various carbon chain lengths, as shown in Figure 6.4. BDDAC, BDTAC,
and BDAC molecules have similar molecular structures but each is longer than the previous
one by a carbon-carbon bond (about 0.2 nm). This allows for systematic variation of
the inter-bead distance in these RMM clusters. Statistics on the number of beads and
the bead sizes (shown in Table 6.1) in a typical RMM structure can be obtained through
electron microscopic analyses after PEG functionalization, as described in more details in
the supporting information and our previous publication.[167] At a specific overall RMM
size, three surfactant molecules with similar structures were observed to produce structures
with consistent number of beads and bead sizes. The experimentally measured spectra
shown in Figure 6.4 are however, broadened due to inhomogeneous individual metamolecule
structures in a colloidal ensemble, and variations in the bead diameter and shapes. For a
better illustration of the effect of inter-bead separation over a broader range of values, full174

Figure 6.4: Extinction spectra and SEM images of RMMs synthesized using different length
surfactants with a fixed the overall size. (A-D) 156 nm, (E-H) 178 nm, (I-L) 191 nm. All
SEM images share the same scale bar.
wave directional scattering calculations were performed in FDTD, as shown in Figure 6.5
and the contributions of the GED and GMD moments were calculated as explained in the
previous section using the directional scattering simulation.
For the FDTD calculated total scattering spectrum and multipole mode analysis in Figure
6.2, the structure in the model used is consistent with the experimental estimation from
Figure 6.4L (corresponding spectrum shown as the blue curve in Figure 6.4I). The GED and
GMD resonances were assigned to spectral features at 640 nm and 850 nm, respectively.
From Figure 4A, E and I, it can be seen that the electric dipole resonance peaks for all
structures are consistently positioned around the same wavelength. On the other hand, the
spectral features from the magnetic dipole resonance exhibit observable blue shift within
each set of measurement at the same overall particle size, as surfactant chain size increases,
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even by a sub-nanometer amount. A similar pattern can be observed from simulated scattering in Figure 6.5D and E, where both the magnitude and wavelength of the resonant
magnetic dipole exhibit a stronger inter-bead separation dependence compared with the
resonant electric dipole. This indicates that the magnetic dipole resonance is more sensitive
to the optical coupling effect between the composing nanobeads than electric dipole resonance, since the magnetic dipole mode has a higher ordered origin in the Taylor expansion
of the electrodynamic dynamic potentials.[161]
The effects of bead size on the magnetic dipole resonance with respect to the electric dipole
resonance can be observed from Figure 6.6 and 6.6. Figure 6.6 A-C show that at a consistent
overall particle size and inter-bead separation, RMMs with larger nanobead building blocks
(and thus a smaller number of them) exhibit red shifted far-field spectra compared with
that by RMMs with a larger number of smaller building blocks. While the relative intensity
between the two spectral features qualitatively suggests that the magnetic dipole resonance
becomes stronger compared with the electric dipole resonance, further demonstration is
necessary since there is significant spectral overlap between the two resonance modes, as can
be seen in Figure 6.2B. Figure 6.6D shows the far-field spectra for RMMs synthesized with
surfactant BDSAC. With other parameters comparable to those used in A-C, the surfactant
BDSAC produces smaller nanobeads in an RMM at a similar overall size to those produced
using the other surfactants. In the resulting spectra, the spectral features from the electric
and the magnetic dipole resonance become less distinguishable, although the size of BDSAC
molecules are only slightly larger (by < 0.6 nm) than that of the other molecules used. With
smaller building blocks, this phenomenon could be caused by either the larger amount of
blue-shift in the magnetic dipole resonance than that of the electric one, or the magnetic
dipole resonance becoming much weaker. To better understand the effect of the bead size
on both global resonance modes, directional scattering based on FDTD calculation is used
to separate the scattering response from the two modes. While the effect of red shift and
stronger resonance can still be observed for RMMs with larger building blocks, the trend
is not necessarily more recognizable compared with the experimental data shown in Figure
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Figure 6.5: The electric dipole and magnetic dipole resonance in the calculated far-field
scattering spectrum for an RMM with 350 20 nm beads at different minimum inter-bead
separations. (A) Total scattering cross section of a modelled RMM. (B) Scattered Poynting vector calculated 800 nm away from the RMM in the direction with maximum GED
scattering. (C) Scattered Poynting vector calculated 800 nm away from the RMM in the
direction with maximum GMD scattering. (D) Dependence of maximum dipolar resonant
scattering on linker length in the model. (E) Dependence of dipolar resonance wavelength
on linker length in the model.
6.6. One plausible reason is that for RMMs with smaller nanobeads, the larger spectral
overlap between the electric and the magnetic dipole resonance results in observable modal
interference, as can be seen from the spectral minimum at around 900 nm for the blue
curve in Figure 6.7B, which rendered the two modes less separable from each other.[78] We
have previously reported the effect of the overall particle size on the resonance spectrum of
raspberry-MMs.[167] Under the effective medium approximation, the optical response from
an RMM structure at a specific cluster size can be viewed as that from an isotropic particle
of a metamaterial with an effectively homogeneous bulk optical property. Specifically, since
both the global electric dipole and the global magnetic dipole modes result from optical
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Figure 6.6: (A-C) Extinction spectra of RMMs constructed with various bead sizes. The
three sets of samples were synthesized with three different surfactants (BDAC (A), BDTAC
(B), BDDAC (C)). (D-G) Extinction spectra and SEM images of RMMs synthesized using
BDSAC. The bead size in the samples are smaller than those found in RMMS synthesized
with other surfactants. The same magnification was used for all SEM images.
coupling between closely packed nanobeads, the effective optical properties depend on both
the strength of the induced BEDs within individual nanobeads (determined by the size of
the nanobeads) and the strength of the dipole-dipole coupling (determined by both the bead
sizes and the separation between nanobeads), as can be seen from equations 6.16-6.19. To
quantitatively relate the properties of the two dipole modes with the structure of the RMM
structure, the dipole moments for both the global electric dipole and the magnetic dipole
resonance are analyzed using the dyadic Greens function analysis explained above. Besides
the size of the ring (analogous to the overall size of the RMM particle), either the bead size
or the interparticle distance were kept constant among different structures investigated.
6.4.1. Effect of Inter-bead Distance
Global electric dipole and magnetic dipole moment as a function of inter-bead separation
were calculated using the dyadic Greens function, based on a core-satellite ring model of
12 gold spheres with a diameter of 30 nm. Figure 6.8A and B show the dispersion profile
of the calculated dipole moments. The evolution of both the amplitude and wavelength
at resonance are recorded in C and D. While both dipole resonance are results of coupling
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Figure 6.7: The electric dipole and magnetic dipole resonance in the calculated far-field
scattering spectrum for an RMM with various bead sizes and numbers, a constant interbead separation of 4 nm, and an overall size relatively consistent around 240 nm. (A) Total
scattering cross section of a modelled RMM. (B) Scattered Poynting vector calculated 800
nm away from the RMM in the direction with maximum GED scattering. (C) Scattered
Poynting vector calculated 800 nm away from the RMM in the direction with maximum
GMD scattering. (D) Dependence of maximum dipolar resonant scattering on bead sizes
used in the model. (E) Dependence of dipolar resonance wavelength on bead sizes used in
the model.
on a global scale, the electric dipole resonance mode shows a much smaller sensitivity to
inter-bead separation compared with the magnetic dipole resonance mode, especially at a
smaller separation (< 5 nm).
6.4.2. Effect of Bead Size
Figure 6.9A and B demonstrates the two types of dipole moment and dependence on the
bead size. During the calculation, the overall ring size and the inter-bead distance were kept
constant at 120 nm and 1 nm respectively, the bead size decreases with increasing number
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Figure 6.8: Global electric dipole moment (A) and magnetic dipole moment (B) calculation
with different inter-bead separations using dyadic Greens function on a gold core-satellite
model. The resonant amplitude (C, normalized to the maximum) and wavelength (D)
dependence on inter-bead separation from core-satellite models were recorded.
of beads in a near linear manner. Unlike inter-bead separation, bead size also affects the
induced dipole in an isolated sphere, which is partially responsible for the effect on the
global electric or magnetic dipole resonance. From Figure 6.8C, the maximum moment
amplitude for both the isolated electric dipole and the magnetic dipole increases with bead
size to the cubic power, much more rapid than that in the global electric dipole moment.
For isolated gold spheres much smaller than the wavelength of incident light (typically <
100 nm) where only the electric dipole resonance remains non-trivial, Taylor expansion of
the leading term in Mie scattering coefficient (proportional to the excited dipole moment)
reveals a cubic power dependence on particle size[180], consistent with our calculation. The
difference between how the building block sizes affect the strength of the global electric
and magnetic dipole moment then is mainly determined by the coupling mechanism, i.e.
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the dyadic Greens function. Following the analysis in reference [13] and Taylor expanding
the trigonometric terms (and noting that the angular separation is proportional to bead
size at a constant ring size), it can be seen that the leading term in the real part of the
coupled dipole moment becomes dominant and increases with bead size at a fourth power.
The magnetic dipole, proportional to number of beads, thus increases to the cubic power of
bead size. As a result, compared with global electric dipole moment, the magnetic dipole
moment is much more sensitive to the size of the composing nanobeads. Summarizing what
can be observed from Figure 6.8 and 6.9, it can be concluded that the effect of the bead size
on the global resonance modes is much larger than that of the inter-bead separation. The
less distinguishable spectral features for the two global resonance modes observed in Figure
6.6D is caused by the rapidly decreasing strength in the magnetic dipole resonance, which
was dominated in the far-field by the optical response from the electric dipole resonance,
and was only observable through modal interference.
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Figure 6.9: Global electric dipole moment (A) and magnetic dipole moment (B) calculation
with different bead sizes using dyadic Greens function on a gold core-satellite model. The
resonant amplitude (C, normalized to the maximum) and wavelength (D) dependence on
inter-bead separation from core-satellite models were recorded. The inset of (C) plots the
same results in log-log scale, showing the cubic power dependence on bead sizes for isolated
electric dipole moment and magnetic dipole moment.

6.5. Conclusion
In conclusion, we used both analytical and numerical electrodynamic theory analysis to examine the tunable magnetic dipole resonance behaviors in chemically synthesized raspberrylike gold metamolecule structures, with respect to their electric counterparts. At a constant
overall metamolecule size, the optical property is determined by the effective optical constants, as a result of the assembly internal structure. The effects from interbead separations
and bead sizes were evaluated as tunable structure features through synthetic parameters.
The results indicate that the bead size has an especially strong effect on the magnetic dipole
resonance, with the dipole moment proportional to the cubic power. The visibility of the
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magnetic dipole resonance, and thus the overall spectral shape, in the far-field measurement
requires the metamolecules to have sufficiently large building blocks. The study can be used
as a guideline to design synthetic process of similar nanoparticle assemblies, in accordance
with specific desired applications.

6.6. Supporting Information
6.6.1. Finite Difference Time-domain (FDTD) Modeling
Raspberry-like metamolecule structures used in FDTD modeling were generated from a
molecular dynamics (MD) simulation. In this method, a set number of spherical nanobeads
were allowed to converge towards the surface of a spherical core under an asymmetric potential where the inter-bead-distance dependence of the bead-bead and bead-core interaction
potentials were constructed to be much stronger for the repulsive force than the attractive
force. To control the average inter-bead distances between adjacent nanobeads, a layer
of polystyrene at a thickness equal to half the surfactant linker length was added to all
gold nanobeads to mimic the dielectric surfactant that links the beads in the experimental RMMs. The details of this method and force functions are described in our previous
publications.[167] Once the structure was equilibrated, the details of the structure was imported into the Lumerical FDTD package for electromagnetic response simulations. The
beads were constructed out of gold and the core was made of polystyrene. Optical constants of both materials were obtained from the database included in the software based on
the CRC Handbook of Chemistry and Physics.[80] The size of the Yee cells for discretized
time and space in the FDTD calculation was determined to be 0.9 nm for simulations with
linker length smaller than 2 nm and 2 nm for simulations with linkers with larger lengths,
respectively. A detailed description of the simulation setup can be found in our previous
publications.[167, 79, 78]
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6.6.2. Detailed synthetic procedure
Preparation of Polystyrene (PS) cores decorated with silver seed particles

Carboxylate-

modified Fluospheres solution (purchased from Invitrogen, diameter: 0.1 µm, 2% solids, 100
µL) was mixed with 100 µL of 0.01 M Ag(NH3 )2 + and left undisturbed at room temperature for 30 min. Subsequently, 1 mL of ultrapure water (18Ω) was added to the solution
and the mixture was centrifuged at 13500 rpm for 30 min. The supernatant was discarded
and the precipitate was redispersed in 1 mL ultrapure water. The same washing step was
repeated one more time and the final precipitates were redispersed in 500 µL ultrapure
water. Freshly prepared 0.01 M NaBH4 (100 µL) solution was quickly injected into this
solution with vigorously mixing. This solution was aged overnight before use. The final
seed solution was washed by centrifugation at 13500 rpm for 30 min and redispersed in 1
mL ultrapure water.
Synthesis of Raspberry-MM using BDDAC, BDTAC, BDAC

The growth solution

was prepared by mixing aqueous solutions of BDAC (0.1 M, 10 mL), HAuCl4 (0.01 M, 421
µL), AgNO3 (0.01 M, 64 µL), and ascorbic acid (0.1 M, 67 L) sequentially. Then, small
amount of seed solution (5 20 µL) was added to the growth solution with gently mixing and
left undisturbed at 30◦ C for 2 h. The solution was then washed by centrifugation at 4000
rpm for 10 min and the final product of precipitates were redispersed in water.
Synthesis of Raspberry-MM using BDSAC The growth solution was prepared by
mixing aqueous solutions of BDSAC (0.01 M, 10 mL), HAuCl4 (0.01 M, 421 µL), AgNO3
(0.01 M, 10 µL), and ascorbic acid (0.1 M, 17 µL) sequentially. Then, the above-described
seed solution was diluted by the factor of 5 and a small amount of the seed solution (10 20
µL) was added to the growth solution with gently mixing and left undisturbed at 38◦ C for
30 min. Then, the solution was washed by centrifugation at 5000 rpm for 10 min and the
final product of precipitates were redispersed in water.
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6.6.3. Supplemental Data
Table 6.1: Structural parameters for RMM models used in FDTD simulations.
Model Iden- Cluster
Core
Number Bead
Linker
Average
tification
Size
Size
of Beads Size
Length
Minimum
(nm)
(nm)
(nm)
(nm)
Interbead
Distance
(nm) / distribution shown
in
Figure 6.4I 235
96
70
36
2.0
3.9
(blue)
Figure
6.5 219
96
350
20
2.0
3.8/Figure
(red)
6.10A
Figure
6.5 239
96
350
20
4.0
7.8/Figure
(magenta)
6.10B
Figure
6.5 253
96
350
20
6.0
13.8/Figure
(yellow)
6.10C
Figure
6.5 274
96
350
20
8.0
15.7/Figure
(green)
6.10D
Figure
6.5 287
96
350
20
10.0
19.6/Figure
(blue)
6.10E
Figure
6.7 243
96
800
15
4.0
7.7/Figure
(red)
6.11A
Figure
6.7 239
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Figure 6.10: Distribution of nearest-neighbor inter-bead distances for RMM models in Figure 6.5 for curves with the color red (A), magenta (B), yellow (C), green (D) and blue (E),
respectively.

Figure 6.11: Distribution of nearest-neighbor inter-bead distances for RMM models in Figure 6.7 for curves with the color red (A), magenta (B), yellow (C), green (D) and blue (E),
respectively.
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Figure 6.12: Relative strength of the extinction of the electric dipole and magnetic dipole
modes and their dependence on the linker size in RMM structures with a bead size of 15 nm
(a) and 50 nm (b), respectively. Legend shows the average inter-bead distances controlled
through PS thickness in the model.

187

CHAPTER 7 : Application of RMM Ensembles as Reliable SERS Substrates
without Aggregation Control
The content of this chapter is reprinted with permission from Zhaoxia Qian, Chen Li, Zahra
Fakhraai, and So-Jung Park. Unusual Weak Interparticle Distance Dependence in Raman
Enhancement from Nanoparticle Dimers. J. Phys. Chem. C, 2016, 120 (3), pp 18241830.
Copyright 2016 American Chemical Society.

7.1. Abstract
Here, we report surprisingly weak distance dependence in Raman enhancement from a
raspberry-like gold nanoparticle termed raspberry-MM. A raspberry-MM is composed of
closely packed gold nanobeads assembled on a polymer core. Due to the abundant builtin hot spots between adjacent gold nanobeads, bright and uniform Raman signals were
observed from isolated single raspberry-MMs. Interestingly, dimers of raspberry-MMs also
showed highly reproducible Raman signals, indicating that the dimer SERS signal is not
strongly dependent on the nanoparticle separation. Finite-difference time-domain (FDTD)
modeling shows that a strong hot spot is created at the dimer-gap, as expected. However,
since there are many more built-in hot spots in each raspberry-MM, the contribution of the
dimer-gap hot spot to the total Raman enhancement remains low even for 2 nm separation,
which explains the observed weak distance dependence. This result is in stark contrast
with many previous SERS studies on nanoparticle dimers and clusters, and provides an
important guideline on how to design bright and highly reproducible Raman substrates.

7.2. Introduction
Highly enhanced local field or hot spots can be created at the gap between two closely spaced
metal nanoparticles.[115, 222] These hot spots make it possible to detect Raman signals
at extremely low concentrations[55] or even at the single molecule level.[149] Numerous
studies have shown that the Raman enhancement from nanoparticle dimers[222, 202, 117]
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depends highly on the separation between two particles. Therefore, the ability to control the
interparticle distance with a nanometer scale precision is critical for practical applications
of hot-spot-based surface enhanced Raman spectroscopy (SERS).
While tremendous efforts have been put into preparing nanoparticle dimers with controlled
interparticle distances through the bottom-up self-assembly[163, 34, 182, 119] or top-down
lithographic methods,[169, 114] it still remains a significant challenge to create such nanostructures in a cost-effective way. In addition, the strong SERS signal from nanoparticle
dimers can result in false positive signals in sensing applications of SERS due to the accidental aggregation of nanoparticles. Therefore, a bright and uniform particle whose dimers
exhibit weak distance dependence constitutes an ideal design of SERS substrate.
Here, we report surprisingly weak distance dependence in SERS from raspberry-like gold
nanoparticles, which were termed raspberry-like metamolecules (raspberry-MMs) in our
previous report.[167] Raspberry-MMs, which are composed of closely packed gold nanobeads
assembled on a polymer core, exhibit a bright and highly reproducible SERS signal at the
single particle level due to the large number of built-in hot spots in a single raspberryMM. Interestingly, dimers of raspberry-MMs also showed very small variations in SERS
intensities. This result is in stark contrast with many other metal nanostructures studied
in the past, where strong distance dependence and extremely large intensity variations were
usually observed.[117, 163, 34, 114] Finite-difference time-domain (FDTD) simulations were
carried out to quantitatively explain the weak distance dependence shown in raspberry-MM
dimers. To the best of our knowledge, this is the first example showing weak distance
dependence in SERS. We believe that the findings in this study provide an important
guideline in designing SERS substrates exhibiting bright and reproducible signals.
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7.3. Experimental Methods
7.3.1. Materials and Instrumentation
Benzyl dimethyl hexadecyl ammonium chloride (BDAC), chloroauric acid (HAuCl4 ), sodium
borohydride (NaBH4 ), silver nitrate (AgNO3 ), ascorbic acid, and 4-mercaptobenzoic acid
(4-MBA) were purchased from Sigma-Aldrich. Ammonium hydroxide was purchased from
Fisher Scientific. Carboxylate-modified FluoSpheres (100 nm, 2 wt % solids; 200 nm diameter, 4 wt % solids) were purchased from Invitrogen, and their average diameters were
determined to be 94.5 ± 7.2 nm and 184.2 ± 9.4 nm, respectively, by transmission electron
microscope (TEM) measurements. TEM images were taken with a JEOL 2100 operating
at 200 kV accelerating voltage. Scanning electron microscope (SEM) images were obtained
using Quanta 600 FEG Mark II at 30 kV accelerating voltage. Extinction spectra were
measured with an Agilent 8453 UVvis spectrophotometer.
7.3.2. Synthesis of Raspberry-like Metamolecules (Raspberry-MMs)
The raspberry-MMs were synthesized by a templated surfactant-assisted seed growth method.[167]
Typically, carboxylate-modified FluoSpheres (100 or 200 nm diameter, 100 µL) were mixed
with an aqueous solution of Ag(NH3 )2 + (0.01 M, 1 mL) for 30 min. Then the solution
was centrifuged at 18000 rpm for 30 min, and the supernatant was replaced with purified
water. The same washing procedure was repeated one more time, and the precipitates were
redispersed in 500 µL of water, followed by quick injection of freshly prepared NaBH4 (0.01
M, 100 µL) solution upon vigorous vortexing for 10 s. After aging at room temperature
overnight, the solution was centrifuged at 18000 rpm for 30 min and redispersed in 5 mL of
water.
The growth solution was prepared by mixing aqueous solutions of BDAC (0.1 M, 10 mL),
HAuCl4 (0.01 M, 421 µL), AgNO3 (0.01 M, 64 µL), and ascorbic acid (0.1 M, 67 µL). In
a typical synthesis, 2070 µL of seed solution was added to the growth solution, followed by
a gentle shaking for a few seconds. Red color started to develop after approximately 10
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min, and the reaction was completed in 2 h. The raspberry-MMs were centrifuged at 4000
rpm for 10 min to remove excess BDAC. The same centrifugation procedure was repeated
one more time, and the raspberry-MMs were redispersed in 0.5 mL of water for further
characterizations.
7.3.3. Raman Measurements
For single particle or dimer measurements, 5 µL of raspberry-MM solution was placed on a
piranha-cleaned silicon wafer; the wafer was then placed in a homemade humidity chamber
for 30 s, which was then rinsed with water and dried with nitrogen gas. This procedure results in many isolated raspberry-MMs and some accidently formed clusters (dimers, trimers,
etc.) of raspberry-MMs on the substrate. The analyte molecule, 4-mercaptobenzoic acid
(4-MBA), was deposited onto raspberry-MMs by submerging the silicon wafer into a 2 mM
ethanolic solution of 4-MBA for 12 h. The wafer was rinsed with water and dried under the
flow of nitrogen gas. Raman measurements were performed on a VIS Raman Microspectrometer (Renishaw RM1000). A beam of 785 nm from a diode laser (Class IIIb lasers, 500
mW) was sent through a 100 cm1 cutoff notch filter and focused onto the sample via a 100
objective (Leica Germany, NA = 0.90). Typical laser power density and acquisition time for
SERS measurements were 2.63 × 103 W/cm2 and 10 s, respectively. Raman samples were
imaged by SEM to ensure that only raspberry-MM monomers and dimers were included in
each analysis.
7.3.4. Finite-Difference Time-Domain (FDTD) Simulations
Finite-difference time-domain (FDTD) simulations were performed using Lumerical Solutions, Inc. FDTD package Version 8.7 and 8.11. Details of our models and FDTD simulations were described in our previous publication.[167] The model created using a molecular
dynamics simulation[167] is composed of 800 gold nanobeads closely packed onto a spherical
PS core with an overall diameter of 184 nm. Each gold nanobead is made of a 13 nm spherical gold core and a 1 nm PS shell. The PS shell was used to mimic the BDAC surfactant
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layer on the gold surface and to keep the gold particles physically isolated. The raspberryMM dimers were generated by placing two identical particles separated at a designated
distance (250 nm). A broadband total-field scatter-field (TFSF) pulse was injected into
the rectangular simulation region enclosing the modeled structure, and a perfectly matched
layer (PML) absorbing boundary condition was applied. The electric field inside of the
simulation region was recorded, and its sum over all space was calculated. The near field
intensity distribution was calculated using the squared norm of the complex field vectors.
The Raman enhancement at each position was calculated by multiplying the field intensity
at the excitation frequency with that at the Stokes frequency.

7.4. Results and Discussion
7.4.1. Raman Enhancement from Single Raspberry-MMs
A series of raspberry-MMs were synthesized by the templated surfactant-assisted seedmediated method (Figure 1A) described in our previous publication.[167] A raspberry-MM
is composed of a large number of gold nanobeads assembled on a spherical polystyrene (PS)
template.[167] We have demonstrated in our previous study that gold nanobeads composing
raspberry-MMs are physically isolated with about a couple of nanometers separation.[167]
Figures1B and 1C show an SEM image and the extinction spectrum of a typical raspberryMM sample composed of a PS core with a diameter of 94.5 ± 7.2 nm and gold nanobeads
with an average diameter of 32.6 ± 7.6 nm. As reported in our previous publication,[167] the
broad extinction spectrum of raspberry-MMs shown in Figure 1C indicates that raspberryMMs are composed of closely packed, intact gold nanobeads. These structural characteristics suggest that raspberry-MMs should act as efficient SERS substrates as they contain
many built-in hot spots between individual gold nanobeads (termed built-in hot spots hereafter).
Single particle SERS measurements were carried out on raspberry-MMs using 4-mercaptobenzoic
acid (4-MBA) as an analyte. Figure 1D presents single particle SERS spectra collected
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from 82 different raspberry-MMs, which show two major Raman peaks characteristic of 4MBA; the two peaks at 1076 and 1585 cm−1 were assigned to the combination band of the
phenyl ring-breathing and CS stretching modes and the phenyl ring CC stretching mode,
respectively.[99] Importantly, without exception, all examined raspberry-MMs exhibited intense Raman signals at the single particle level. The bright Raman signals from single
raspberry-MMs are attributed to the abundant built-in hot spots in a single raspberry-MM
(Figure S1). For comparison, simple gold nanoshells composed of a 120 nm SiO2 core and
a 15 nm thick gold shell showed more than an order of magnitude weaker Raman intensity
under the same experimental conditions (Figure S2).
Importantly, single particle Raman scattering signals from raspberry-MMs were narrowly
distributed within an order of magnitude (Figure 1E). This is a significant advantage over
most other hot-spot-based SERS substrates showing extremely broad intensity distributions.[222,
105] As mentioned above, Raman enhancement of reported nanoparticle clusters depends
highly on the exact local structure, and the intensity varies many orders of magnitude
from one cluster to another.[105] Recently, there have been a few reports on hot-spot-based
SERS substrates showing both high reproducibility and enhancement at the single particle
level.[118, 177] For example, Lim et al. reported a DNA-based synthesis of metal nanoparticles with 1 nm interior gap, where 90% of individual nanoparticles exhibited uniform Raman
scattering intensities.[118] In the raspberry-MMs reported here, virtually all measured particles showed strong Raman signal with narrow intensity distribution owing to the large
number of built-in hot spots.
The strength of Raman enhancement on raspberry-MMs can be controlled by varying their
structure parameters (Figure 2). A series of raspberry-MMs with different structure parameters (Figure 2AD) were synthesized for single particle SERS measurements. When the
overall diameter of the raspberry-MM was increased from 164 nm (Figure 2A) to 228 nm
(Figure 2B) by increasing the size of gold nanobeads at a fixed core diameter (94.5 nm)
and the number of nanobeads (∼100), the Raman intensity at 1076 cm−1 increased by a
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Figure 7.1: (A) Schematic description of the synthetic procedure of raspberry-MMs. The
gray, blue, and yellow spheres represent the PS template, Ag seed particles, and gold
nanobeads, respectively. (B) An SEM image of typical raspberry-MMs synthesized by
the seed-mediated method.[167] For this particular synthesis, 35 µL of seed solution was
mixed with 10 mL of growth solution. The size parameters of the raspberry-MMs shown in
this image are PS core diameter (Dcore ) = 94.5 ± 7.2 nm, average number of beads (Nbead )
= 98 ± 10, the diameter of the bead (Dbead ) = 32.6 ± 7.6 nm, and the average diameter
of the raspberry-MM (DRM M ) = 198 ± 14 nm. (C) The extinction spectrum of typical
raspberry-MMs shown in part B. The gray dashed line indicates the excitation wavelength
(785 nm) used for Raman measurements. (D) Raman spectra of 4-MBA from 82 single
raspberry-MMs. The average intensity at 1076 and 1585 cm−1 were 91 ± 33 counts per seconds (cps) and 85 ± 30 cps, respectively. (E) Histograms showing the distribution of SERS
intensities at 1076 cm−1 (top) and 1585 cm−1 (bottom). Reprinted with permission from
Zhaoxia Qian, Chen Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak Interparticle
Distance Dependence in Raman Enhancement from Nanoparticle Dimers. J. Phys. Chem.
C, 2016, 120 (3), pp 18241830. Copyright 2016 American Chemical Society.
factor of 4 presumably due to the stronger hot spots created between larger nanobeads
(Figure S3). When the diameter of the raspberry-MMs was further increased to 337 nm by
increasing the size of the PS core (184 nm) and the number of beads (>400) (Figure 2C),
the Raman intensity increased further (Figure 2E), primarily due to the increased number
of built-in hot spots. The peak positions of extinction spectra are not correlated with the
Raman intensities of different sized raspberry-MMs (Figure 2D), consistent with previous
reports on hot-spot-based SERS.(2, 18) Note that all measurements from different sized
raspberry-MMs show narrow distributions in Raman intensities (Figure 2FH).
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Figure 7.2: (AC) SEM images of different size raspberry-MMs used for single particle SERS
measurements. The size parameters of these raspberry-MMs are (A) Dcore = 94.5 ± 7.2
nm, Nbead = 93 ± 10, Dbead = 23.6 ± 5.6 nm, DRM M = 164 ± 14 nm; (B)Dcore = 94.5
± 7.2 nm, Nbead = 97 ± 15, Dbead = 38.8 ± 10.8 nm, DRM M = 228 ± 23 nm; (C) Dcore
= 184 ± 9 nm, Nbead > 400, Dbead = 29.6 ± 10.0 nm, DRM M = 337 ± 27 nm. For the
syntheses, 10 mL of growth solution was mixed with 70 µL (A), 20 µL (B), or 35 µL (C) of
seed solution. (D) Extinction spectra of raspberry-MMs are shown in (A) black, (B) blue,
and (C) dark cyan. The extinction spectrum of raspberry-MMs shown in Figure 1B (red)
was also plotted for comparison. The gray dashed line indicates the excitation wavelength
(785 nm). (E) Averaged spectra of single particle measurement for raspberry-MMs shown
in part A (black), Figure 1B (red), part C (blue), and part D (dark cyan). The average
intensities at 1076 and 1585 cm−1 were 56 ± 34 and 49 ± 27 cps for part A, 220 ± 133
and 199 ± 110 cps for part B, and 383 ± 98 and 345 ± 111 cps for part C, respectively.
(FH) Intensity histograms for raspberry-MMs shown in part A (F), part B (G), and part C
(H) at 1076 cm−1 (top) and 1585 cm−1 (bottom). Reprinted with permission from Zhaoxia
Qian, Chen Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak Interparticle Distance
Dependence in Raman Enhancement from Nanoparticle Dimers. J. Phys. Chem. C, 2016,
120 (3), pp 18241830. Copyright 2016 American Chemical Society.
7.4.2. Raman Enhancement from Raspberry-MM Dimers
Raman spectra were collected from raspberry-MM dimers to investigate the distance dependence of SERS enhancement (Figure 3). Figure 3A presents SEM images of raspberry195

MM dimers used for the measurements. Since these dimers were randomly formed during
drop-casting, the interparticle distance between two raspberry-MMs was not controlled.
Nonetheless, most dimers presented in Figure 3A are closely spaced except the one highlighted with a red box (Figure 3A). Figure 3B,C shows measured SERS spectra taken from
raspberry-MM dimers (Figure 3B) and individual raspberry-MMs (Figure 3C). The peak
intensities from the measurements are plotted in Figure 3D for easy comparison. It is interesting to find that the average Raman intensity from the raspberry-MM dimers is only
2.8 times higher than that of single raspberry-MMs. This result is different from SERS
measurements on other types of nanoparticles.[222, 117, 163, 34, 197] It is well-known that,
for simple nanoparticles such as nanospheres and rods, the Raman intensity dramatically
increases with dimerization.[163, 34, 197] For example, the SERS signal from 50 nm gold
particles was observed to increase about 100 times upon dimerization.[163] Theoretical calculations predict that the Raman enhancement of gold nanoparticle dimers can be up to 3
orders of magnitude larger than the enhancement observed from single nanoparticles.[202]
For more complex nanostructures, Liang et al.[117] found that the SERS intensity from
flower-like silver mesoparticle dimers was 10100 times higher than that of single mesoparticles. To the best of our knowledge, the results described here are the first to show that the
Raman enhancement does not increase substantially with dimerization. Consequently, the
dimer Raman intensity shows a narrow distribution. Note that the two particles separated
by 290 nm (encased in a red box, Figure 3) showed peak intensities similar to those from
other dimers with small interparticle distances. Also note that the reproducibility of the
dimer data is as good as that of single particle data with similar levels of intensity variations
(Figure 3D). These results indicate that raspberry-MMs exhibit weak distance dependence
in Raman enhancement.
7.4.3. Origin of Reproducible Raman Enhancement from Single Raspberry-MMs
Finite-difference time-domain (FDTD) simulations were performed to calculate the electric
field distribution in raspberry-MM monomers. A raspberry-MM model composed of 800
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Figure 7.3: (A) SEM images of 20 two raspberry-MM (Dcore = 184 ± 9 nm, Nbead >
400, Dbead = 29.6 ± 10.0 nm, DRM M = 337 ± 27 nm) dimers with random interparticle
distances. Scale bar is 200 nm. The separation between the two raspberry-MMs encased in
the red box is approximately 290 nm. (B) SERS data from the raspberry-MM dimers shown
in part A; the average Raman intensities at 1076 and 1585 cm−1 were 1169 ± 374 and 1182
± 390 cps, respectively. The spectrum highlighted in red corresponds to the raspberry-MM
dimer encased in the red box in part A. (C) Single particle SERS data from 18 different
raspberry-MMs. The average Raman intensities at 1076 and 1585 cm−1 were 383 ± 98 cps
and 345 ± 111 cps, respectively. (D) Raman intensity distributions of single raspberry-MMs
and raspberry-MM dimers at 1076 and 1585 cm−1 . The dashed lines indicate the average
signal intensity at 1076 cm−1 . Reprinted with permission from Zhaoxia Qian, Chen Li,
Zahra Fakhraai, and So-Jung Park. Unusual Weak Interparticle Distance Dependence in
Raman Enhancement from Nanoparticle Dimers. J. Phys. Chem. C, 2016, 120 (3), pp
18241830. Copyright 2016 American Chemical Society.
gold beads closely packed on a 184 nm spherical PS core (Figure 4A) was used to mimic
the experimental structure of a single raspberry-MM. In this model, gold nanobeads had an
average end-to-end interparticle distance of 1.7 ± 0.1 nm (Figure S4), which is similar to the
expected thickness of BDAC layer surrounding the nanobeads. A more detailed description
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on the model and the setup of the simulation is provided in our earlier publication.[167] As
previously reported,[167] the calculated far field extinction spectra of this model reproduce
the general features of the experimental spectra, showing the validity of the model structure
(Figure S4). FDTD simulations for the same raspberry-MM models were used here to
estimate the near field enhancement and to calculate the Raman enhancement.
First, the electromagnetic field intensities (E 2 ) at the excitation wavelength (785 nm, Figure 4B) and the Stokes wavelength (860 nm, Figure S5) were calculated for an individual
raspberry-MM. The field map presented in Figure 4B (top) shows that the electric field in
individual raspberry-MMs is mainly confined in built-in hot spots (Figure S1). The intensity
at these built-in hot spots varies at different locations within the raspberry-MM (Figure 4B,
top) due to the variations in the gap size (Figure S4). The spatial intensity distribution of
the built-in hot spots also varies from one raspberry-MM to another, depending on their exact structures. However, the total electric field intensity of individual raspberry-MMs does
not change much from one raspberry-MM to another due to the averaging effect over the
large number of built-in hot spots in single raspberry-MMs (Figure S6), which is consistent
with our experimental data.
7.4.4. Origin of Weak Distance Dependence of Raman Enhancement of Raspberry-MM
Dimers
In order to understand why the Raman enhancement does not increase substantially with
dimerization, electric field distributions were calculated for raspberry-MM dimers with varying interparticle distances. Figure 4C presents the electric field intensity map (E 2 ) of
raspberry-MM dimers placed at 2 nm separation for the excitation wavelength (785 nm).
When the incident light is polarized along the dimer axis, a new hot spot is created at the
gap between the two raspberry-MMs (named dimer-gap hot spots hereafter) as evidenced
by the peak at x = 0 nm in the electric field intensity profile (Figure 4C, bottom). The
intensity of the dimer-gap hot spot is higher than the intensities at most built-in hot spots
(Figure 4C, top). It is also worth noting that the electric field intensity distribution on
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raspberry-MMs changes with dimerization; the field intensity increases in region 2 (close to
the dimer-gap), and decreases in region 1 (away from the dimer-gap) (Figure 4C). Similar
trends were observed for the Stokes wavelength (860 nm) (Figure S5). The changes in the
field intensity distribution upon dimerization indicate that there is plasmonic coupling between adjacent raspberry-MMs.[94] Similar results were observed for raspberry-MM dimers
for other separation distances (Table S1, Figures S7S10). This result is consistent with
the observation that raspberry-MM monomers and dimers show different far field spectra
(Figures S11 and S12). We believe that this field intensity redistribution contributes to
the slight increase in Raman enhancement with dimerization (vide infra). As expected, the
plasmonic coupling between adjacent raspberry-MMs is much weaker for the polarization
direction perpendicular to the dimer axis (Figure S13); no strong dimer-gap hot spot is
created (Figure S13CF), and the field intensity distribution remains about the same before
and after dimerization (Figure S13).
The Raman enhancements (Es4 , Et4 ) of the raspberry-MM monomer and dimer models were
calculated by integrating the product of electric field intensity (E 2 ) at 785 nm (excitation
wavelength) and that at 860 nm (Stokes wavelength). The Es4 refers to the E 4 added up
from the surface of the PS core to the surface of the raspberry-MMs, while Et4 refers to the
total E 4 inside of the entire simulation box excluding the PS core region (see Table S5). The
two values are close given that the electric field enhancement outside of the raspberry-MMs
quickly drops to zero, but Es4 is a slightly better representation of the experimental SERS
data as the analyte molecules are only on the surface of nanoparticles.
The calculated Raman enhancement Es4 agrees well with the experimental data. When
the incident light is polarized along the dimer axis, the Es4 of the raspberry-MM dimer
with a 2 nm separation is calculated to be 3.4 times of the monomer value (Table S6).
For the polarization direction perpendicular to the dimer axis, the Raman enhancement
is calculated to be similar to that from an individual raspberry-MM (Table S6). The
experimental ratio between the Raman intensities for dimers and monomers was determined
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Figure 7.4: (A) Modeled raspberry-MM (Dcore = 184 nm, Nbead = 800, Dbead = 28 nm,
DRM M = 340 nm) and schematic description of how it was sliced in Cartesian coordinate
system. The blue slab is perpendicular to the x axis and has a thickness of 1.2 nm (mesh
size used for the FDTD simulations). (B) Top: Electric field intensity (E 2 ) map for the
z = 0Pplane of a single raspberry-MM. Bottom: E 2 summed over the yz slab indicated in
(A) ( E 2 ) plotted along the x direction. (C) Electric field intensity distribution (top) and
P
E 2 profile (bottom) for a raspberry-MM dimer (2 nm separation). The incident light is
polarized along the x axis and propagates along the z axis. All calculations presented here
are for 785 nm. The color bar is in a logarithmic scale. Reprinted with permission from
Zhaoxia Qian, Chen Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak Interparticle
Distance Dependence in Raman Enhancement from Nanoparticle Dimers. J. Phys. Chem.
C, 2016, 120 (3), pp 18241830. Copyright 2016 American Chemical Society.
to be 2.8, which is in-between the calculated field enhancement ratios for the two different
polarization direction (3.4 and 1.3, Table S6). Considering that nonpolarized light was used
for the experimental Raman measurements, the calculated values are in good agreement
with experimental data. In order to understand the effect of the dimer-gap hot spot on
P 4
the total Raman enhancement, the Raman enhancement (E 4 ) maps and
Es profiles were
obtained for a raspberry-MM monomer and a dimer and presented in Figure 5. The data
in Figure 5B show that the Raman enhancement from the dimer-gap hot spot (Eh4 ) is at
least an order of magnitude higher than that from an average built-in hot spot for 2 nm
separation. The Eh4 values were calculated at varying interparticle distances to investigate
the distance dependence (Figure 6A, black square). As expected, the Eh4 decreases with
increasing the separation (Figure 6A, black squares, Table S2). Similar distance dependence
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was observed for smooth nanoshell and nanosphere dimers (Figure 6A, red circles and blue
triangles, respectively, Tables S3 and S4), consistent with previous reports.

P 4
Figure 7.5: (A) Raman enhancement (E 4 ) map for the z = 0 plane (top) and
E profile
4 ) map for the z = 0
(bottom) of a raspberry-MM
monomer.
(B)
Raman
enhancement
(E
P 4
plane (top) and
E profile (bottom) of a raspberry-MM dimer (2 nm separation). The
incident light is polarized along the x axis and propagates along the z axis. The color bar
is in a logarithmic scale. Reprinted with permission from Zhaoxia Qian, Chen Li, Zahra
Fakhraai, and So-Jung Park. Unusual Weak Interparticle Distance Dependence in Raman
Enhancement from Nanoparticle Dimers. J. Phys. Chem. C, 2016, 120 (3), pp 18241830.
Copyright 2016 American Chemical Society.
However, since there are many built-in hot spots in a raspberry-MM, the contribution of
the dimer-gap hot spot to the total enhancement (Eh4 /Et4 ) is only 14% even for raspberryMM dimers separated by 2 nm (Figure 6B). This characteristic distinguishes raspberryMMs from many previously studied systems which showed that the majority of the Raman
enhancement of nanoparticle dimers comes from the hot spot in the gap.[202, 117, 34] For
example, Eh4 /Et4 is calculated to be over 95% for both smooth PS@Au nanoshell dimers and
Au nanosphere dimers at the same separation (Figure 6B). In the simple nanostructures
of smooth nanoshells and spheres, the majority of Raman enhancement comes from the
dimer-gap hot spot over a range of interparticle distances (Figure 6B, red

and blue 4,

respectively, Tables S3 and S4, and Figures S18 and S19). For raspberry-MMs, the low
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Figure 7.6: (A) Distance-dependent Eh4 of the raspberry-MM dimers (black ), smooth
nanoshell (184 nm PS core diameter, 77 nm shell thickness) dimers (red
), and Au
nanosphere (338 nm diameter) dimers (blue 4. (B) The ratio between the Raman enhancement at the dimer-gap hot spots (Eh4 ) and the total E 4 (Et4 ) for raspberry-MMs
(black ), smooth PS@Au nanoshells (red ), and nanospheres (blue 4 as a function of
separation distances. The incident light is polarized along the x axis and propagates along
the z axis, as shown in the inset of part A. See Tables S2S4 for specific geometric definition
of the dimer-gap hot spot and Table S5 for Et4 . Reprinted with permission from Zhaoxia
Qian, Chen Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak Interparticle Distance
Dependence in Raman Enhancement from Nanoparticle Dimers. J. Phys. Chem. C, 2016,
120 (3), pp 18241830. Copyright 2016 American Chemical Society.
Eh4 /Et4 value is further reduced with increasing the interparticle distance, and it stays low
over a wide distance range (Figure 6B, black , Table S2, and Figures S14S17).
Consequently, for smooth nanoshells and nanospheres where the dimer-gap hot spot makes
the major contribution to the Raman enhancement, Es4 (Raman enhancement) falls quickly
with increasing interparticle distances (Figure 7). It is well-documented that the electromagnetic field intensity and Raman enhancement from nanoparticle dimers decay rapidly
with increasing interparticle distances.[160] For example, Lee et al. reported that the Raman enhancement of face-to-face silver nanocube dimers decreased by 3 orders of magnitude
when the distance increases from 3 to 10 nm both experimentally and via simulation.[114]
Stewart et al. observed that the Raman enhancement of gold nanorod dimers decreased
by a factor of 10 when the end-to-end distance increased from 2 to 9 nm.[197] Our simulation data for nanoshells and nanospheres (Figure 7 and Figure S20) are consistent with
the previous reports.[160] For raspberry-MMs, the Raman enhancement does not change
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substantially with interparticle distance (Figures 7 and S20), as the dominant Raman enhancement comes from the large number of built-in hot spots rather than the dimer-gap
hot spot. This simulation result explains the experimental observation that the Raman enhancement from raspberry-MMs is fairly uniform even for dimers and the Raman intensity
does not increase substantially with dimerization.

Figure 7.7: Raman enhancement (Es4 ) of raspberry-MM dimers (black ), smooth PS@Au
nanoshell dimers (red ), and Au nanosphere dimers (blue 4) at varying separation distances. The data points encased in the green box represent the two times of Es4 for the
corresponding single particle. As depicted in the inset graphic, Es4 was calculated by adding
up E 4 inside the shell volume (inside the sky blue sphere and outside the PS core). The
incident light is polarized along the x axis and propagates along the z direction, as shown
in the inset. Reprinted with permission from Zhaoxia Qian, Chen Li, Zahra Fakhraai, and
So-Jung Park. Unusual Weak Interparticle Distance Dependence in Raman Enhancement
from Nanoparticle Dimers. J. Phys. Chem. C, 2016, 120 (3), pp 18241830. Copyright
2016 American Chemical Society.

7.5. Conclusion
In summary, we report the surprisingly weak distance dependence in SERS from raspberrylike gold particles termed raspberry-MMs. SERS measurements carried out for 4-MBA
immobilized on raspberry-MMs showed a strong and highly reproducible Raman signal at
the single particle level, which was attributed to the large number of built-in hot spots at the
junctions between many closely spaced gold nanobeads in each raspberry-MM. Surprisingly,
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the Raman intensity did not substantially increase with dimerization of raspberry-MMs,
and the accidentally formed dimers showed little variations in Raman intensity. FDTD
simulations showed that although a hot spot is created at the gap between two raspberryMMs, the majority of Raman enhancement comes from the large number of built-in hot
spots. The simulation data explain the experimentally observed weak distance dependence
in SERS from raspberry-MMs. The weak distance dependence found here contrast with
many previous reports[117, 163, 34] showing orders of magnitude increase in SERS intensity
upon dimer formation. In addition, unlike previous studies[222, 114] showing extremely
large variations in Raman intensities from nanoparticle junctions, raspberry-MM dimers
studied here showed uniform intensities distributed within the same order of magnitude.
This unique characteristic relieves the complications associated with the accidental cluster
formation in SERS-based sensing applications. Indeed, the findings in this study provide
an important guideline in designing SERS substrates exhibiting bright and reproducible
signals.

7.6. Supporting Information
7.6.1. Supplemental Tables of FDTD Simulation Data
Simulation Parameters.

The Et2 and Et4 refer to the electric field intensity and Raman

enhancement, respectively. For single particle simulations, the dimension of the simulation
box was 360 nm × 360 nm × 360 nm. For dimers, the dimension of the simulation box
was 740 nm × 360 nm × 360 nm for 50 nm separations and 710 nm × 360 nm × 360 nm
for other separation distances. The mesh size used in the FDTD simulations was 1.2 nm
for all nanostructures. For the raspberry-MMs containing many small gaps, the simulation
data may not fully converge at the mesh size and the actual values of the electric field may
be somewhat larger than those predicted by FDTD. Nonetheless, a series of simulations at
different mesh sizes indicated that the conclusions made in this study do not change with
smaller mesh sizes. The size parameters of the raspberry-MM model used for all simulations
are as follows unless otherwise noted: PS core diameter (Dcore ) = 184 nm, number of gold
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beads (Nbead ) = 800, the diameter of the bead (Dbead ) = 28 nm, and the overall diameter of
the raspberry-MM (DRM M ) = 340 nm. Each bead is made of a spherical gold nanoparticle
coated with a 1 nm-thick PS shell.

2 ), electric field intensity
Figure 7.8: Electric field intensity at the excitation wavelength (E785
2
at the Stokes wavelength (E860 ), and the Raman enhancement (E 4 ) at the regions 1 and
2 for a raspberry-MM dimer with varying separation distances (D). Reprinted with permission from Zhaoxia Qian, Chen Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak
Interparticle Distance Dependence in Raman Enhancement from Nanoparticle Dimers. J.
Phys. Chem. C, 2016, 120 (3), pp 18241830. Copyright 2016 American Chemical Society.
* The units for E 2 and E 4 are 105 V 2 /m2 and 1010 V 4 /m4 , respectively.
†”Single” indicates the data for a single raspberry-MM.
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Figure 7.9: The E 4 of the dimer-gap hot spot obtained by integrating E 4 over the volume
indicated by the yellow slab (Eh4 ), total E 4 obtained by integrating E 4 over the entire
simulation box indicated by the light blue box (Et4 ), and Eh4 /Et4 for a raspberry-MM dimer
at varying separation distances (D).†Reprinted with permission from Zhaoxia Qian, Chen
Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak Interparticle Distance Dependence
in Raman Enhancement from Nanoparticle Dimers. J. Phys. Chem. C, 2016, 120 (3), pp
18241830. Copyright 2016 American Chemical Society.
†The x range for Eh4 was defined by the regions with E 4 exceeding 1% of the maximum E 4
value.
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Figure 7.10: The Eh4 , Et4 , and Eh4 /Et4 for a smooth PS@Au nanoshell (core diameter (Dcore )
= 184 nm, shell thickness = 77 nm) dimer at varying separation distances (D).†Reprinted
with permission from Zhaoxia Qian, Chen Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak Interparticle Distance Dependence in Raman Enhancement from Nanoparticle
Dimers. J. Phys. Chem. C, 2016, 120 (3), pp 18241830. Copyright 2016 American Chemical Society.
†The x range for Eh4 was defined by the regions with E 4 exceeding 1% of the maximum E 4
value.

Figure 7.11: The Eh4 , Et4 , and Eh4 /Et4 for a gold nanosphere (diameter = 338 nm) dimer
at varying separation distances (D).†Reprinted with permission from Zhaoxia Qian, Chen
Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak Interparticle Distance Dependence
in Raman Enhancement from Nanoparticle Dimers. J. Phys. Chem. C, 2016, 120 (3), pp
18241830. Copyright 2016 American Chemical Society.
†The x range for Eh4 was defined by the regions with E 4 exceeding 1% of the maximum E 4
value.
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Figure 7.12: Comparison of E 2 and E 4 of a single raspberry-MM and its dimer with varying
separation distances (D) calculated using two different integration parameters. The Es2 and
Es4 were the integrated values over the volume indicated by the light blue spheres whose
surface is 2 nm from the outmost surface of the raspberry-MMs as shown in the scheme
(left). The Et2 and Et4 were integrated values over the entire simulation box indicated by
the light blue color as shown in the scheme (right). Reprinted with permission from Zhaoxia
Qian, Chen Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak Interparticle Distance
Dependence in Raman Enhancement from Nanoparticle Dimers. J. Phys. Chem. C, 2016,
120 (3), pp 18241830. Copyright 2016 American Chemical Society.
†”Single” indicates the data for a single raspberry-MM.

Figure 7.13: Calculated Es4 of a single raspberry-MM and its dimer under two different
polarization directions as shown below. The values in parentheses are the Es4 divided by
the Es4 of a monomer at the same polarization direction. Reprinted with permission from
Zhaoxia Qian, Chen Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak Interparticle
Distance Dependence in Raman Enhancement from Nanoparticle Dimers. J. Phys. Chem.
C, 2016, 120 (3), pp 18241830. Copyright 2016 American Chemical Society.
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7.6.2. Supplemental Figures

Figure 7.14: The E 2 distribution of a raspberry-MM model (Dcore = 96 nm, Nbead =
100, Dbead = 32 nm, DRM M = 195 nm) calculated by FDTD simulation. See our previous
publication[167] for detailed description on the model and the setup of the simulation. Only
the values above 100 V 2 /m2 are plotted, and the electric field intensity is presented on a
logarithmic scale. The unit for the color bar scale is 10x V 2 /m2 . It is obvious that most
strong hot spots are located in the gaps between adjacent gold nanobeads. Reprinted with
permission from Zhaoxia Qian, Chen Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak
Interparticle Distance Dependence in Raman Enhancement from Nanoparticle Dimers. J.
Phys. Chem. C, 2016, 120 (3), pp 18241830. Copyright 2016 American Chemical Society.

Figure 7.15: (A) An SEM image and (B) extinction spectrum of smooth gold nanoshells
with a SiO2 core diameter of 120 nm and a gold shell thickness of 15 nm. (C) Averaged
single particle Raman spectrum of 4-MBA immobilized on smooth nanoshells (averaged
data of ten different measurements). The average Raman intensity at 1076 cm− 1 and
1585 cm− 1 were 8 ± 6 counts per second (cps) and 9 ± 7 cps, respectively. Reprinted with
permission from Zhaoxia Qian, Chen Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak
Interparticle Distance Dependence in Raman Enhancement from Nanoparticle Dimers. J.
Phys. Chem. C, 2016, 120 (3), pp 18241830. Copyright 2016 American Chemical Society.
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2 ) distribution map on the z = 0 plane (top)
Figure 7.16: (A, B) Electric field intensity
P (E
2
2
and E summed over a thin yz slab ( E ) plotted along the x axis (bottom) of a gold
nanosphere (diameter (DAu ) = 24 nm) dimer (2 nm separation)
for 785 nm (A) and 860
P 2
nm (B). (C, D) Electric field intensity map (top) and
E profile (bottom) for a gold
nanosphere (DAu = 32 nm) dimer (2 nmPseparation) for 785 nm (C) and 860 nm (D). (E,
F) Electric field intensity map (top) and
E 2 profile (bottom) for a gold nanosphere (DAu
= 38 nm) dimer (2 nm separation) for 785 nm (E) and 860 nm (F). The incident light is
polarized along the x axis and propagates along the z axis. Reprinted with permission from
Zhaoxia Qian, Chen Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak Interparticle
Distance Dependence in Raman Enhancement from Nanoparticle Dimers. J. Phys. Chem.
C, 2016, 120 (3), pp 18241830. Copyright 2016 American Chemical Society.
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Figure 7.17: (A) A raspberry-MM model generated by a molecular dynamic simulation.
(B) Histogram of nearest neighbor surface-to-surface distance between Au beads for the
raspberry-MM model. The average distance is 1.7 ± 0.1 nm. (C) The calculated extinction
cross section of the single raspberry-MM model (black curve) and the experimental extinction spectrum (cyan curve) of the colloidal solution of raspberry-MMs with similar geometric
parameters (Dcore = 184 ± 9 nm, Nbead > 400, Dbead = 29.6 ± 10.0 nm, DRM M = 337
± 27 nm). Reprinted with permission from Zhaoxia Qian, Chen Li, Zahra Fakhraai, and
So-Jung Park. Unusual Weak Interparticle Distance Dependence in Raman Enhancement
from Nanoparticle Dimers. J. Phys. Chem. C, 2016, 120 (3), pp 18241830. Copyright
2016 American Chemical Society.

Figure 7.18: (A) Raspberry-MM model used for the calculation and the schematic descripP 2
tion showing how it was sliced in the Cartesian coordinate for the generation of
E
profile. The blue slab is perpendicular to the x axis and has a thickness of 1.2 nm (mesh
P
size used for the FDTD simulations). (B) E 2 map for the z = 0 plane (top) and P E 2
profile (bottom) of a single raspberry-MM. (C) E 2 map for the z = 0 plane (top) and
E2
profile (bottom) for a raspberry-MM dimer (2 nm separation). The incident light is polarized along the x axis and propagates along the z axis. All calculations presented here are
for 860 nm. The region 1 experiences an average intensity decrease and region 2 experiences
an average intensity increase, compared to those of single raspberry-MM. Reprinted with
permission from Zhaoxia Qian, Chen Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak
Interparticle Distance Dependence in Raman Enhancement from Nanoparticle Dimers. J.
Phys. Chem. C, 2016, 120 (3), pp 18241830. Copyright 2016 American Chemical Society.
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Figure 7.19: (A, B) Histograms of the nearest neighbor surface-to-surface distance between
Au beads in two different raspberry-MM models. Two sets of bead positions were generated by the same molecular dynamics method but using different initial randomized bead
2
positions. The average
P 2 bead-to-bead distances are 1.7 ± 0.1 nm for both models. (C-D) E
map (top) and
E profile (bottom)
P 2 of a single raspberry-MM with bead positions shown
2
in (A). (E-F) E map (top) and
E profile (bottom) of a single raspberry-MM with bead
positions shown in (B). The incident light is polarized along the x axis and propagates along
the z axis. Reprinted with permission from Zhaoxia Qian, Chen Li, Zahra Fakhraai, and
So-Jung Park. Unusual Weak Interparticle Distance Dependence in Raman Enhancement
from Nanoparticle Dimers. J. Phys. Chem. C, 2016, 120 (3), pp 18241830. Copyright
2016 American Chemical Society.
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P 2
Figure 7.20: E 2 map (top) and
E profile (bottom) of a raspberry-MM dimer (A-B: D =
3 nm; CD: D = 4 nm) for 785 nm (A, C) and 860 nm (B, D). The incident light is polarized
along the x axis and propagates along the z axis. Reprinted with permission from Zhaoxia
Qian, Chen Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak Interparticle Distance
Dependence in Raman Enhancement from Nanoparticle Dimers. J. Phys. Chem. C, 2016,
120 (3), pp 18241830. Copyright 2016 American Chemical Society.
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P 2
Figure 7.21: E 2 map (top) and
E profile (bottom) of a raspberry-MM dimer (A, B: D
= 5 nm; C, D: D = 6 nm) for 785 nm (A, C) and 860 nm (B, D). The incident light is
polarized along the x axis and propagates along the z axis. Reprinted with permission from
Zhaoxia Qian, Chen Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak Interparticle
Distance Dependence in Raman Enhancement from Nanoparticle Dimers. J. Phys. Chem.
C, 2016, 120 (3), pp 18241830. Copyright 2016 American Chemical Society.
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P 2
Figure 7.22: E 2 map (top) and
E profile (bottom) of a raspberry-MM dimer (A, B: D
= 8 nm; C, D: D = 10 nm) for 785 nm (A, C) and 860 nm (B, D). The incident light is
polarized along the x axis and propagates along the z axis. Reprinted with permission from
Zhaoxia Qian, Chen Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak Interparticle
Distance Dependence in Raman Enhancement from Nanoparticle Dimers. J. Phys. Chem.
C, 2016, 120 (3), pp 18241830. Copyright 2016 American Chemical Society.

215

P 2
Figure 7.23: E 2 map (top) and
E profile (bottom) of a raspberry-MM dimer (A, B: D
= 20 nm; C, D: D = 50 nm) for 785 nm (A, C) and 860 nm (B, D). The incident light is
polarized along the x axis and propagates along the z axis. Reprinted with permission from
Zhaoxia Qian, Chen Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak Interparticle
Distance Dependence in Raman Enhancement from Nanoparticle Dimers. J. Phys. Chem.
C, 2016, 120 (3), pp 18241830. Copyright 2016 American Chemical Society.
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Figure 7.24: Simulated far field absorption (black curves), scattering (red curves), and extinction (green curves) spectra of a single raspberry-MM (A) and a raspberry-MM dimer (2
nm separation) (B, C) in air. The incident light is polarized along the x axis and propagates
along the z axis for (A-B), while it is polarized along the y axis and propagates along the
z axis for (C). The two dashed black lines indicate 785 nm and 860 nm. Reprinted with
permission from Zhaoxia Qian, Chen Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak
Interparticle Distance Dependence in Raman Enhancement from Nanoparticle Dimers. J.
Phys. Chem. C, 2016, 120 (3), pp 18241830. Copyright 2016 American Chemical Society.
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Figure 7.25: Simulated far field absorption (black curves), scattering (red curves), and extinction (green curves) spectra of a single raspberry-MM (A) and a raspberry-MM dimer (5
nm separation) (B, C) in air. The incident light is polarized along the x axis and propagates
along the z axis for (A-B), while it is polarized along the y axis and propagates along the
z axis for (C). The two dashed black lines indicate 785 nm and 860 nm. Reprinted with
permission from Zhaoxia Qian, Chen Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak
Interparticle Distance Dependence in Raman Enhancement from Nanoparticle Dimers. J.
Phys. Chem. C, 2016, 120 (3), pp 18241830. Copyright 2016 American Chemical Society.
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P 2
Figure 7.26: (A, B) E 2 map (top) and
E profile (bottom) of a single raspberry-MM for
785 nm (A) and 860 nm (B). The incident P
light is polarized along the y axis and propagates
2
along the z axis. (C-F) E map (top) and
E 2 profile (bottom) for a raspberry-MM dimer
(C, D: D = 2 nm; E, F: D = 5 nm). Reprinted with permission from Zhaoxia Qian, Chen
Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak Interparticle Distance Dependence
in Raman Enhancement from Nanoparticle Dimers. J. Phys. Chem. C, 2016, 120 (3), pp
18241830. Copyright 2016 American Chemical Society.
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P 4
Figure 7.27: Raman enhancement (E 4 ) distribution map (top) and
E profile (bottom)
of a raspberry-MM dimer (A: D = 3 nm; B: D = 4 nm). The incident light is polarized
along the x axis and propagates along the z axis. Reprinted with permission from Zhaoxia
Qian, Chen Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak Interparticle Distance
Dependence in Raman Enhancement from Nanoparticle Dimers. J. Phys. Chem. C, 2016,
120 (3), pp 18241830. Copyright 2016 American Chemical Society.
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P 4
Figure 7.28: Raman enhancement (E 4 ) distribution map (top) and
E profile (bottom)
of a raspberry-MM dimer (A: D = 5 nm; B: D = 6 nm). The incident light is polarized
along the x axis and propagates along the z axis. Reprinted with permission from Zhaoxia
Qian, Chen Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak Interparticle Distance
Dependence in Raman Enhancement from Nanoparticle Dimers. J. Phys. Chem. C, 2016,
120 (3), pp 18241830. Copyright 2016 American Chemical Society.
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P 4
Figure 7.29: Raman enhancement (E 4 ) distribution map (top) and
E profile (bottom)
of a raspberry-MM dimer (A: D = 8 nm; B: D = 10 nm). The incident light is polarized
along the x axis and propagates along the z axis. Reprinted with permission from Zhaoxia
Qian, Chen Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak Interparticle Distance
Dependence in Raman Enhancement from Nanoparticle Dimers. J. Phys. Chem. C, 2016,
120 (3), pp 18241830. Copyright 2016 American Chemical Society.
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P 4
Figure 7.30: Raman enhancement (E 4 ) distribution map (top) and
E profile (bottom)
of a raspberry-MM dimer (A: D = 20 nm; B: D = 50 nm). The incident light is polarized
along the x axis and propagates along the z axis. Reprinted with permission from Zhaoxia
Qian, Chen Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak Interparticle Distance
Dependence in Raman Enhancement from Nanoparticle Dimers. J. Phys. Chem. C, 2016,
120 (3), pp 18241830. Copyright 2016 American Chemical Society.
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P 2
Figure 7.31: E 2 map (top) and
E profile (bottom) of a single smooth PS@Au nanoshell
(PS core diameter = 184 nm, shell thickness = 77 nm) (A, B) or nanoshell dimer (C, D: D
= 5 nm) for 785 nm (A, C) and 860 nm (B, D). The incident light is polarized along the x
axis and propagates along the z axis. Reprinted with permission from Zhaoxia Qian, Chen
Li, Zahra Fakhraai, and So-Jung Park. Unusual Weak Interparticle Distance Dependence
in Raman Enhancement from Nanoparticle Dimers. J. Phys. Chem. C, 2016, 120 (3), pp
18241830. Copyright 2016 American Chemical Society.
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P 4
Figure 7.32: Raman enhancement (E 4 ) distribution map (top) and
E profile (bottom)
of a smooth PS@Au nanoshell (PS core diameter = 184 nm, shell thickness = 77 nm) (A: D
= 3 nm; B: D = 5 nm). The incident light is polarized along the x axis and propagates along
the z axis. Reprinted with permission from Zhaoxia Qian, Chen Li, Zahra Fakhraai, and
So-Jung Park. Unusual Weak Interparticle Distance Dependence in Raman Enhancement
from Nanoparticle Dimers. J. Phys. Chem. C, 2016, 120 (3), pp 18241830. Copyright
2016 American Chemical Society.
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Figure 7.33: Es2 at 785 nm (A) and 860 nm (B) of raspberry-MM dimers (black square),
smooth Au@PS nanoshell (PS core diameter = 184 nm, shell thickness = 77 nm) dimers
(red sphere) and spherical Au nanoparticles (diameter = 338 nm) (blue triangles) at varying
separation distances. The data points encased in the green dashed box represent the twice
of the Es2 of corresponding single particles. The incident light is polarized along the x
direction and propagates along the z direction. The data are plotted on the logarithmic
scale. Reprinted with permission from Zhaoxia Qian, Chen Li, Zahra Fakhraai, and SoJung Park. Unusual Weak Interparticle Distance Dependence in Raman Enhancement from
Nanoparticle Dimers. J. Phys. Chem. C, 2016, 120 (3), pp 18241830. Copyright 2016
American Chemical Society.
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CHAPTER 8 : Possibilities and Challenges in Fabrication of Negative Index
Materials Using RMM Building Blocks
8.1. Introduction
As can be seen from Figure 2.1c, with the presence of a strong plasmon resonance, the
real part of the permittivity function can assume negative values. By analogy, a negative
effective permeability can also be achieved with a strong artificial magnetic resonance, as
proposed by Alu et al. [10] It has also been reported that within a spectral range where
the real part of both the permittivity and the permeability are negative, the direction
of the phase propagation (described by the wave vector k) and the direction of the energy
propagation (described by the Poynting vector S) becomes opposite to each other, known as
the Veselago relation.[212, 240, 4] This effect can be equivalently described by a medium with
a negative real part of the refractive index, usually termed a negative index medium (NIM),
a double negative (DNG) medium, or a left-hand metamaterial (LHM), which indicates
the wave vector and the field vectors form a left-hand relationship, as opposed to the
Ampere’s right hand rule. Broad research interest and potential applications of such media
were discussed in Section 1.2. With the RMM structure exhibiting an isotropic and strong
magnetic resonance in the optical region, this chapter will take a modeling approach to
briefly discuss the feasibility of fabricating NIMs using RMMs as building blocks.

8.2. Effective Refractive Index Calculation
Effective permittivity and permeability functions for RMMs and their simplified models can
be calculated using the Clausius-Mossotti formula. The studied RMM model is identical
to that denoted as “MM 4” in Chapter 4, at an overall cluster size of approximately 200
nm, and with 100 gold nanobeads at a size of 16 nm surrouding a 96 nm PS core. Detailed
structural parameters can be seen in Table 5.1, and the multipole mode analysis of the
FDTD simulated far-field scattering spectrum can be found in Figure 5.27. The magnetic
equivalent of the Clausius-Mossotti formula can be written as Equation 8.1.[152]
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µef f = µ0

2N
3 αm
N
− 3 αm

1+
1

(8.1)

Relevant electric and magnetic dipole polarizabilities (αe and αm ) are calculated with the
multipole expansion technique introduced in Section 2.4.1 on FDTD simulated electric nearfield under a broadband plane-wave excitation. The effective refractive index can be calculated using Equation 2.2. Following the description by Simovski and Tretyakov,[190], the
following approach is taken to select correct signs when evaluating the square root. Complex permittivity and permeability can be written as phasors, where amplitude and phase
can be evaluated separately, as shown in Equation 8.2.

nef f =

√

r µr =
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)
2
2

(8.2)

The range of the two complex angles are determined to be − π2 < θ , θµ < π2 , so that in the
event of double negative optical constants, the real part of the refractive is negative, while
the imaginary part is positive.

8.3. Results and Discussions
Effective permittivity, permeability and refractive index function were calculated for the
modeled RMM structure. The results are shown in Figure 8.1 As discussed above, two con-

Figure 8.1: Calculated effective permittivity (a), permeability (b) and refractive index (c)
functions for a modeled RMM denoted “MM 4” in Chapter 4 and analyzed in Figure 5.27.
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ditions have to be simutaneously satisfied over the same spectral range in order to achieve
negative refractive index. First, both optical constants have to be negative around resonance, requiring a strong and sharp spectral feature in the optical constant functions.
Second, the electric and magnetic resonances must have sufficient spectral overlap for simultaneous negative permittivity and negative permeability. From Figure 8.1, it can be
seen that while the electric permittivity has negative values within a narrow bandwidth,
the magnetic resonance is not sufficiently strong to produce a negative permeability. One
simple way of increasing the strength of resonance is to immerse the RMM in a high index
background medium. As can be seen from Equation 2.36, at resonance, the larger difference
between the negative optical constants of metallic nanoparticles and those of the background
creates stronger polarizations, and thus, stronger dipole moments. The calculated optical
constants and refractive index functions in various background media are shown in Figure
8.2 and 8.3, respectively. From Figure 8.3, it can be seen that the minimum real part of the

Figure 8.2: Calculated effective permittivity (a-c) and permeability (d-f) functions for the
MM 4 model in different background media.
effective index of refraction at resonance descreases rapidly with higher background index.
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Figure 8.3: Calculated effective refractive index functions for the MM 4 model in different
background media.
Besides stronger resonance, a higher background index also produces a larger spectral range
for the overlap between the global electric dipole (GED) and the global magnetic dipole
(GMD) resonances. This is caused by the large red shift of the GED resonance compared
with that of GMD, as can be seen from Figure 8.2. However, despite the near zero resonant index value observed for the highest background index investigated, negative index
is still not possible from this approach. As can be seen from Figure 8.2, the descrasing
refractive index at resonance is mostly from the change in the permittivity function, while
the change in the permeability function is rather insignificant. Another possible approach
is to obtain stronger resonance through optical coupling, as introduced in Section 2.5. Figure 8.4 shows the comparison between the effective index calculation with air background
in a single RMM excited and that in an RMM dimer excited with polarization along the
dimer long axis. Similar to above, dimerization has a significant effect on the permittivity
function, but not on the permeability function.
While it is unlikely to obtain negative refractive index from RMM structures, the possibility
can still open up if structures can be synthesized with strong and sharp induced optical GED
and GMD resonances sufficiently close to each other. This can be achieved with a smaller
number of nanobeads involved in the optical coupling. An example of one such structures
is the core-satellite model discussed in Chapter 6. A similar calculation was performed on
a single core-satellite model and its dimer excited with polarization along the dimer long

230

Figure 8.4: Calculated effective permittivity (a and d), permeability (b and e) and refractive
index (c and f) functions for a single MM 4 model (a-c) and its dimer (d-f) excited in air
with polarization along the dimer long axis.
axis, as shown in Figure 8.5. Both the GED and the GMD resonances in such structures
have better quality factor due to a smaller structural disorder within a single ring. Optical
coupling within a dimer combined with a background medium of water is sufficient to achieve
a spectral band for negative refractive index, as shown in Figure 8.5f.
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Figure 8.5: Calculated effective permittivity (a and d), permeability (b and e) and refractive
index (c and f) functions for a single core-satellite model (a-c) and its dimer (d-f) excited
in water with polarization along the dimer long axis.

8.4. Conclusions
In summary, despite the strong optical magnetic resonance exhibited by RMMs, achieving
negative refractive index is unlikely in such structures due to dampened resonance by structural disorders in specific RMMs investigated in previous chapters. On a single particle level,
to obtain RMMs building blocks suitable for NIM fabrication, clusters should be synthesised
preferably with a small number of beads forming a single layer. Beyond the above discussion
focusing on modeling analysis, the experimental fabrication also needs careful evaluation.
RMMs studied in this work have significant loss under optical excitation. Disordered aggregates may further dampen the resonance observed from an RMM ensemble. Potentially
viable fabrication methods should produce ordered nanoparticle ensembles while being compatible with colloid systems. Examples include nano-imprint lithography[84, 106, 116] and
superlattice fabrication[75], as discussed in Chapter 1.
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CHAPTER 9 : Future Work
9.1. Method Development
9.1.1. Effective Medium Analysis for Nanoparticle Composites
In Chapter 3 and 4, effective medium analysis on the optical response from nanoparticle
composites was used to design a characterization method for nanorod orientation and dispersion in a polymer matrix. For the purpose of demonstration, a simple composite system
was selected where the building blocks feature small sizes, simple shapes and large interparticle distances. While the constructed model was robust for the studied system, there is
much room left for an improved modeling to apply this approach to other more complicated
nanocomposite structures. For example, the effective medium modeling can potentially be
much more applicable if the optical interaction between the scatters is described in a more
accurate way. In Section 2.5, the dyadic Green’s function was introduced to analyze dipoledipole interactions. With the assistance of SEM image analyses to identify the relative
positions of the nanoparticles in experiments, the dyadic Green’s function can be used in
modeling the optical behavior of a representative part of the composite with better accuracy
and richer details than the Clausius-Mossotti formula, which can only be used to estimate
the ensemble-averaged properties instead of specific distributions of structural parameters.
In order for the modeled optical response from the analyzed subset of the sample to be representative of the studied nanocomposite, a large number of nanoparticles should be included
in the analysis. This requires a rapidly increasing amount of computing resources, since
the dimension of the constructed dyadic Green’s function grows with the number of dipoles
by a factor of three. For a system with substantial nanoparticle aggregations, the dipole
approximation on individual building blocks fails with significant near-field coupling, as can
be seen in Figure 2.12. One potential solution is to treat individual aggregates themselves
as scattering dipoles with a more complicated spectral response. The model robustness
needs careful examination and substantial tests to make sure experimental response can be
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reproduced from modeling under such approximation.
9.1.2. Effective Index Modeling for Arbitrarily-shaped Nanoparticles
Throughout the majority of this work, effective index modeling has been performed with
the Clausius-Mossotti formula with the assistance of multipole analysis up to the dipolar response. For a nanoparticle with arbitrary shape and size, the scattering mulitpole modes can
still be evaluated with a reasonable accuracy using methods introduced in Section 2.4.3 and
2.4.4, as demonstrated in Chapter 5 for raspberry-like metamolecules. However, effective
medium calculations beyond the quasistatic approximation including the Clausius-Mossotti
formula needs to be explored in the case of strong resonant behaviors, even when the higher
ordered response is still negligible, such as the case in large RMMs, shown in Figure 5.4B.
As briefly discussed in Section 2.2.2, the quasistatic approximation fails at resonance for
plasmonic materials, with Equations 2.12, 2.13 and 2.116 diverging and producing unphysical optical constant values, such as negative peaks in the imaginary part of the refractive
index functions. For nanoparticles with a generally isotropic shape, Mie theory can be used
to analytically connect the polarizabilities with optical constants[11], as can be seen from
Equations 2.51, 2.52, 2.54 and 2.55. However, unlike the quasistatic approximations, obtaining the optical constants through direct inversion is analytically impossible and thus must
be done through numerical fitting. Advanced fitting algorithms need to be used to obtain
physically well-behaved optical constant profiles satisfying the constrains introduced at the
end of Section 2.8.3. For anisotropic nanoparticles, this approach can be generalized using
the T-matrix formalism as demonstrated in Section 2.4.3 and 2.4.4, with further complexity
added to the problem. This improved method can also be used to model non-negligible
response from higher ordered resonance modes, as can be observed from nanoparticles with
special shapes, such as gold spiky nanoshells exhibiting electric quadrupole resonance. [79]
Another formalism for multipole analysis was demonstrated by Cherqui et al [37], where
multipole moments can be evaluated by expanding the Green’s function into spherical wavefunctions. The analysis was experimentally demonstrated using electron energy loss spec-
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troscopy (EELS), with the LSPR modes excited by a beam of electrons instead of optical
waves. Electron beams can be used as a source of better flexibility than light and are even
able to excite resonance not observable under optical excitations.[37] However, since the majority of existing software packages using rigorous numerical electrodynamic algorithsms are
designed for optical excitations only, the software implementation of electron beam sources
(such as the E-DDA package developed and used in [37]) needs to be more widely applied
before the formalism can be widely applied to more complicated nanoparticle systems.

9.2. Further Theoretical Analysis
9.2.1. Effect of Building Block Materials on the Behavior of Higher Order Resonance
The synthetic method used to produce gold RMM structures introduced in Chapter 4 can
also be applied to synthesize silver RMMs of comparable size and structures, using different surfactant molecules. Experimental characterization on the structures and the colloidal
far-field optical response of silver RMMs are shown in Figure 9.1. It can be seen that the
properties generally follow the analysis on bead size effect discussed in Chapter 6. Pre-

Figure 9.1: (A-E) SEM images of silver RMMs with increasing bead sizes. (F) UV/Visible
spectroscopy of colloids containing silver RMMs from (A)-(E), in the order of black, red,
blue, magenta, green. Data from Sunghee Lee and So-Jung Park, to be prepared for publication.
liminary numerical analyses were performed with FDTD on RMM structures denoted as
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MM 1 in Chapter 5 using both gold and silver nanobeads. The calculated far-field extinction spectra are shown in Figure 9.2. Interestingly, as resonance features take place
at longer wavelengths, the difference between the resonant wavelengths in gold and silver
RMMs becomes smaller. The effect can be attributed to the generally isotropic shapes of

Figure 9.2: Calculated far-field extinction spectra of silver and gold RMMs with FDTD
using the structure denoted as MM 1 in Chapter 5.
the nanosphere building blocks. While the overall RMM size is comparable to the incident
wavelength of light, the size of the nanobeads is much smaller, indicating that the induced
polarizability can be evaluated by applying the quasistatic approximation as can be seen
in Equation 2.13. Bulk refractive indices and the inversed polarizabilities of gold and silver spheres are plotted in Figure 9.3. It can be seen that while the difference between
the bulk optical properties in gold and silver is consistent across the visible and near IR
spectrum, the respective polarizabilities of spherical nanoparticles becomes increasingly similar towards longer wavelengths. This effect shows that the finite size and specific shapes
of nanoparticle building blocks may play a more important role than the used materials
themselves. This indicates the possibility of specifically designing and tailoring the desired
effective optical properties of the assembled metamaterials via the nanoparticle building
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blocks. Further theoretical investigation will be conducted in this effect to demonstrate the
effect of bulk material properties on optical coupling and higher ordered resonance modes
in RMM structures.

Figure 9.3: (A) Dispersion relations in the real (solid) and imaginary (dashed) parts of the
bulk refractive indices of gold (red) and silver (blue). (B) and (C) Dispersion relations in
the amplitude (B) and phase (C) of the inverse polarizabilities of gold and silver spheres
calculated using Equation 2.13 excluding the size dependent prefactors.

9.2.2. Interference Between Electric Dipole Resonance and Magnetic Dipole Resonance
Interference between different multipole resonance modes can be evaluated using the amplitude of the corresponding T-matrix elements and used to account for the inconsistency
between the calculated far-field response and the near-field multipole expansion analyses at
resonance, as demonstrated by Hastings et al.[78] From 5.4B, it can be seen that most of the
far-field scattering response of the studied RMM structure can be sufficiently described with
the direct summation of contributions from all the non-negligible multipole components. At
the magnetic dipole resonance, however, the inconsistency between the two indicate significant interference between the electric dipole and the magnetic dipole. The interference can
be further identified in the directional scattering simulation in Figure 6.7, where a sharp
spectral minimum can be observed at the magnetic dipole resonance. Both numerical and
analytical approaches will be used to examine the nature of the interference effect and its
effect on the properties of the RMM structures.
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9.3. Experimental Measurement of Optical Constants in Metamolecules
In Chapter 4, an experimental effective index retrieval method was introduced for nanoparticle composites using spectroscopic ellipsometry. As discussed in Section 2.8, refractive
index as a function of wavelength can be obtained from measured ellipsometry parameters
Ψ and ∆ by fitting to layered materials models. For metamaterials exhibiting optical properties not available to natural materials, however, such an approach might not be directly
applicable. For example, the refractive index of RMM structures includes a non-negligible
contribution from the effective magnetic permeability in the near-IR region, a feature not
observed in any natural materials. Since the majority of materials models are constructed
under the assumption that the studied materials are non-magnetic at optical frequencies,
the description of reflection behaviors needs to be properly modified to account for the nonunity relative permeabilities. On the other hand, since no known refractive index data is
available for a newly fabricated metamaterial, the experimental measurement of the effective
optical constants often requires modeled data to be used as a starting value for fitting. As
discussed in Section 8.1.2, such modeling needs to be performed carefully with proper approximations to avoid unphysical optical constant behaviors at resonance. Gomez-Grana et
al demonstrated the ellipsometry measurement of the effective optical constant of nanoparticle assemblies similar to the RMM structures introduced in Chapter 5-7 with modified
Fresnel’s Equations used in fitting. [73] While the results successfully demonstrated the
existence of magnetic resonance under light excitation, the negative values in the imaginary
part of the permeability indicated the retrieved optical constants unphysical and thus could
only provide a qualitative description in the optical properties.

9.4. Hydrogen Sensing with Plasmonic Nanoparticle Composites
The application of plasmonic nanoparticle systems as hydrogen sensors was introduced in
Section 1.1.1. While the LSPR based sensing mechanism can be realized with simple farfield optical spectroscopy techniques, a good sensitivity also requires sharp spectral features
at resonance, known as a good quality factor, as can be seen from Figure 1.2.[126] Since the
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resonance profiles of uncontrolled plasmonic nanoparticle ensembles are often broadened
by inhomogeneous structural disorders, a large proportion of the existing LSPR hydrogen
sensors are usually either demonstrated via single particles or fabricated with expensive topdown methods, limiting the practical applicability.[126, 204, 172, 108] On the other hand,
the effective medium analysis introduced in Chapter 3 and 4 opens up the possibility of
achieving applicable in situ sensitivity in gold nanoparticle composites using spectroscopic
ellipsometry. As changes in both amplitude and phase from incident light are measured in
ellipsometry, sensing mechanism based on directly monitoring the spectral evolution in the
refractive index becomes possible. One advantage from such possibility is that the resonant
strength can be quantitatively characterized, while conventional optical spectroscopic sensing relies almost completely on measuring spectral shifts. For example, Figure 9.4 shows
a preliminary hydrogen sensing measurement using spectroscopic ellipsometry on a gold
nanorod polymer composite (data measured by Ethan Glor).[68] According to Figure 9.4A,

Figure 9.4: (A) Dispersion relations in the imaginary part of the effective permittivity when
exposed in nitrogen and hydrogen, respectively. (B) Evolution in the amplitude of the
the imaginary part of the effective permittivity at resonance during the hydrogen sensing
experiment. Reprinted with permission from Glor, Ethan, ”Examining Length Scales of
Interfacial Dynamics in Ultra-Thin Polymer Glasses” (2016). Publicly Accessible Penn
Dissertations. 1738.
upon exposure to hydrogen, even without a second type of noble metal in the composite
for enhanced adsorption, the spectral shift in the measured effective permittivity is still
identifiable. The blue shift in the resonance upon exposure indicates a sensing mechanism
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through change in electron density instead of direct change in refractive index, as reported
by Collins et al.[41] In addition, a better sensitivity can be obtained through the evolution
in the resonant amplitude of the effective permittivity at resonance. In situ measurement
shown in Figure 9.4B demonstrates that the effective permittivity evolution upon limited
adsorption and desorption of hydrogen molecules is capable of providing a simple and affordable solution to plasmonic hydrogen sensors compatible with mass production.
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[180] Dmitri Schebarchov, Baptiste Auguié, and Eric C. Le Ru. Simple accurate approximations for the optical properties of metallic nanospheres and nanoshells. Physical
chemistry chemical physics : PCCP, 15(12):4233–42, 2013.
[181] D Schurig, J J Mock, B J Justice, S A Cummer, J B Pendry, A F Starr, and
D R Smith. Metamaterial electromagnetic cloak at microwave frequencies. Science,
314(5801):977–980, 2006.
[182] Adam M. Schwartzberg, Christian D. Grant, Abraham Wolcott, Chad E. Talley,
Thomas R. Huser, Roberto Bogomolni, and Jin Z. Zhang. Unique gold nanoparticle
aggregates as a highly active surface-enhanced raman scattering substrate. Journal
of Physical Chemistry B, 108(50):19191–19197, 2004.

255

[183] Farbod Shafiei, Francesco Monticone, Khai Q Le, Xing-Xiang Liu, Thomas Hartseld,
Andrea Alu, and Xiaoqin Li. A subwavelength plasmonic metamolecule exhibiting
magnetic-based optical Fano resonance. Nature Nanotechnology, 8(2):95–99, 2013.
[184] Sassan N Sheikholeslami, Hadiseh Alaeian, Ai Leen Koh, and Jennifer A Dionne.
A Metafluid Exhibiting Strong Optical Magnetism. Nano Letters, 13(9):4137–4141,
2013.
[185] Sassan N. Sheikholeslami, Aitzol Garcı́a-Etxarri, and Jennifer A. Dionne. Controlling
the interplay of electric and magnetic modes via Fano-like plasmon resonances. Nano
Letters, 11(9):3927–3934, sep 2011.
[186] R. A. Shelby, D R Smith, and S Schultz. Experimental verification of a negative index
of refraction. Science, 292(5514):77–79, apr 2001.
[187] Andrew N. Shipway, Michal Lahav, Rachel Gabai, and Itamar Willner. Investigations into the electrostatically induced aggregation of Au nanoparticles. Langmuir,
16(23):8789–8795, 2000.
[188] A. Sihvola. Electromagnetic Mixing Formulas and Applications. The Institution of
Electrical Engineers, Herts, United Kingdom, 1999.
[189] C. R. Simovski and S. A. Tretyakov. Model of isotropic resonant magnetism in the
visible range based on core-shell clusters. Physical Review B - Condensed Matter and
Materials Physics, 79(4):045111, jan 2009.
[190] C. R. Simovski and S. A. Tretyakov. On effective electromagnetic parameters of artificial nanostructured magnetic materials. Photonics and Nanostructures-Fundamentals
and Applications, 8(4):254–263, 2010.
[191] D. R. Smith, J. J. Mock, A. F. Starr, and D. Schurig. Gradient index metamaterials.
Physical Review E - Statistical, Nonlinear, and Soft Matter Physics, 71(3):036609,
mar 2005.
[192] D. R. Smith, J B Pendry, and M C K Wiltshire. Metamaterials and negative refractive
index. Science, 305(5685):788–792, 2004.
[193] D. R. Smith, D. R. Smith, Willie J. Padilla, Willie J. Padilla, D. C. Vier, D. C.
Vier, S. C. Nemat-Nasser, S. C. Nemat-Nasser, S. Schultz, and S. Schultz. Composite
Medium with Simultaneously Negative Permeability and Permittivity. Phys. Rev.
Lett., 84(18):4184–4187, may 2000.
[194] Iván O Sosa, Cecila Noguez, and Rubén G. Barrera. Optical Properties of
Metal Nanoparticles with Arbitrary Shapes. The Journal of Physical Chemistry B,
107(26):6269–6275, 2003.
[195] Costas M. Soukoulis and Martin Wegener. Past achievements and future challenges

256

in the development of three-dimensional photonic metamaterials. Nature Photonics,
5(9):523, jul 2011.
[196] Samanvaya Srivastava, Praveen Agarwal, and Lynden A. Archer.
nanoparticle-polymer composites: Phase stability and curvature.
28(15):6276–6281, apr 2012.

Tethered
Langmuir,

[197] Alexander F. Stewart, Anna Lee, Aftab Ahmed, Shell Ip, Eugenia Kumacheva,
and Gilbert C. Walker. Rational Design for the Controlled Aggregation of Gold
Nanorods via Phospholipid Encapsulation for Enhanced Raman Scattering. Acs Nano,
8(6):5462–5467, jun 2014.
[198] Matthew E. Stewart, Christopher R. Anderton, Lucas B. Thompson, Joana Maria,
Stephen K. Gray, John A. Rogers, and Ralph G. Nuzzo. Nanostructured Plasmonic
Sensors. Chemical Reviews, 108(2):494–521, feb 2008.
[199] Paul L. Stiles, Jon A. Dieringer, Nilam C. Shah, and Richard R P. Van Duyne. SurfaceEnhanced Raman Spectroscopy. Annual Review of Analytical Chemistry, 1(1):601–
626, jul 2008.
[200] Xing Su, Jingwu Zhang, Lei Sun, Tae Woong Koo, Selena Chan, Narayan Sundararajan, Mineo Yamakawa, and Andrew A. Berlin. Composite Organic-Inorganic Nanoparticles (COINs) with chemically encoded optical signatures. Nano Letters, 5(1):49–54,
2005.
[201] Yugang Sun and Younan Xia. Increased sensitivity of surface plasmon resonance of
gold nanoshells compared to that of gold solid colloids in response to environmental
changes. Analytical Chemistry, 74(20):5297–5305, 2002.
[202] C E Talley, J B Jackson, C Oubre, N K Grady, C W Hollars, S M Lane, T R Huser,
P Nordlander, and N J Halas. Surface-enhanced Raman scattering from individual
Au nanoparticles and nanoparticle dimer substrates. Nano Letters, 5(8):1569–1574,
2005.
[203] Say Min Tan and Mohd Rafie Johan. Effects of MnO2 nano-particles on the conductivity of PMMA-PEO-LiClO4-EC polymer electrolytes. Ionics, 17(6):485–490, jul
2011.
[204] Ming L. Tang, Na Liu, Jennifer A. Dionne, and A. Paul Alivisatos. Observations of
Shape-Dependent Hydrogen Uptake Trajectories from Single Nanocrystals. Journal
of the American Chemical Society, 133(34):13220–13223, aug 2011.
[205] Larbi Touahir, Elisabeth Galopin, Rabah Boukherroub, Anne Chantal GougetLaemmel, Jean-Noël Chazalviel, François Ozanam, and Sabine Szunerits. Localized
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